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ABSTRACT

The use of ZnSe on GaAs epilayers (epi) as a pseudo-insulator in field-
effect de\?icé'applicaﬁions is demonstrated. The passivating ZnSe layers are
grown -on GaAs(epi) by interrupted growth molecular beam epitaxy (MBE)
using two separate MBE machines. A thin layer of arn'orphous arsenic pro-
tects the GaAs(epi) during transfer between the MBE systems When
nucleated on the GaAs(epi), the ZnSe grows layer-by-layer as revealed by
the reflection high energy electron diffraction pattern generated in the TI-VI
MBE growth chamber. A study of‘vaintensity oscillations in the electron
diffraction pattern is further used to understand thevinitﬂial growth stages of
ZnSe on GaAs(epi).

- The material properties of the ZnSe/GsAs (epi) heterostruc't‘ure are
briefly examined. Even though ZnSe and GaAs have a 025% lattice
mxsmatch transmission electron mlcrographs show that Very thin ﬁlms»
(1000A) of ZnSe form a coherent and dislocation free interface with the
vGaAs(epbi). In thicker ZnSe. films, strain relieving misfit disiocations' are
observed. Photoluminescence measurements reveal information sbout the
‘effect of the lattice mismatch on the energy band structure of the ZnSe. For
the 10004 film, the excitonic features are shifted upWards in energy, and the

nobrmally degenerate light and heavy hole valence bands split into two



X1

bands. b'

As the ]OOOA of ZnSe is an appropriate thickness for an insﬁlator in a
field-eflfect device, the ZnSe /GaAs(epi) hetetosﬁucture is then used in
“metal-insulator-semiconductor (MIS) capacitors and transistors. Most prom-

inent, the fabri(;at_ion of the first depletion-mode ﬁeld—e_ﬁect transistors.based
on the Z'nSe/n—GaAs heterointerface afe described.. The trénéistors display
" :hear 'idealvchara‘cferi:st‘ics. with compléte éurrent sa‘:t‘urlation and cutoff; the
channel moduliati:on indicates t}ll‘at the Fermi level is nof pinned at the
ZnSe/n-GaAs interface. With .the‘.succe'ss of the aepletion—mode"‘transistors,

the use of ZnSe and GaAS(epi) in future MIS devices appears promising.



CHAPTER 1
INTRODUCTION

1.1 Material Properties of Zinc Selenide

Zinc selenide (ZnSe) is an important compound semiconductor and has
received much scientific interest in recent years because of its significant
material properties. Of its many properties, ZnSe is most noted for its
relatively large direct energy band gap of 2.7eV. This II-VI compound also
possesses direct band-to-band recombination which suggests that efficient
ZnSe light emitting devices can be realized. ZnSe is especially important for
blue light emitting devices since the near-band-edge emission occurs at
46004.. ‘

Not only does ZnSe have a largé band gap, but it is also closely lattice
matched to gallium arsenide (GaAs). (The lattice mismatch s
approximately 0.25%.) GaAs is an important III-V compound semiconductor
because the mobility of electrons and holes in this material is much higher
than in the type IV semiconductors such as silicon and germanium. GaAs,
like ZnSe, is also an important optical material with a relatively large direct
band gap of 1.45eV. Because ZnSe has a smaller dielectric constant (e,—8.8)
than GaAs (¢,=12.9), ZnSe can be used for optical confinement in GaAs
based light emitting devices.

Both zinc selenide and gallium arsenide thin films are deposited by
many epitaxial growth techniques including molecular beam epitaxy (MBE)
which is the growth process used in this work. Epitaxial growth refers to
the formation of one crystalline layer on top of another layer such that there
is an oriented relationship between the two films.

Each growth technique has many advantages and disadvantages which
can effect the "extrinsic”" material properties of the resultant semiconductor
layers. For example, ZnSe has been grown in the past by liquid phase
epitaxy and chemical vapor deposition which are conducted under
equilibrium conditions at high growth temperatures (750°C-1050°C) [2].
Typically, the ZnSe layers are grown on GaAs substrates because the lattice



mismatch is so small. Under high growth temperatures, gallium, arsenic,
~and other impurities from the GaAs substrate tend to diffuse into the ZnSe
and unintentionally dope the material. (Gallium is a n-type dopant in
ZnSe.) In addition, ZnSe, grown at elevated temperatures, often contains
many non-stoichiometric defects such as zinc and selenium vacancies or
misplaced zinc and selenium atoms (interstitial). These defects make the
doping of ZnSe very difficult because they tend to compensate for dopants
that are intentionally incorporated into the film. Essentially, the non-
stoichiometric defects cause ZnSe to only have n-type conduction and make
the conversion to p-type conduction very difficult 2].

The growth of the II-VI compounds by MBE has been instrumental in
“improving the material properties of ZnSe. Molecular beam epitaxy of ZnSe
involves the reaction of thermal beams of Zn and Se with a crystalline
surface (GaAs substrate) under ultrahigh-vacuum conditions. MBE is known
for its precise control of beam fluxes and growth conditions. ‘Because of the
ultra-high vacuum environment, MBE system’s often contain in situ surface
analysis equipment that permits the study of the semiconductors during all
parts of the epitaxy. One of the important advantages of MBE is that the
epitaxy occurs at a relatively low substrate temperature (250 ° C-400° C). At
these low temperatures, diffusion of gallium, arsenic, and other impurities
from the GaAs substrate into the ZnSe is reduced. The low deposition
temperature also favors a reduction in zinc and selenium vacancies and
interstitial defects [2]. *

Another important advantage of MBE is that it uses very high purity
source material in:an ultra-high vacuum environment. Both of these factors
aid in the reduction of impurity contamination in ZnSe [2|. For example,
the elemental zinc and selenium source materials typically contain less than
1 impurity in 1 million parts. In our laboratory, a multiple distillation
technique is used to obtain this type of ultra-pure source material. The
elements are housed in a growth chamber where the background pressure
can be as low as the 107"'Torr range. Following pump down from
atmospheric pressure, the walls of the vacuum chambers are heated in order
to evaporate trapped gases and eliminate them from ‘the vacuum.
Subsequently, the source materials are heated to very high temperatures
before deposition in order to outgas any oxides or surface contamination.

Several laboratories (3] have demonstrated the growth of high quality
ZnSe by molecular beam epitaxy. Many parameters can be used to evaluate
the quality of the ZnSe films. Because we are interested in using ZnSe as a



"pseudo-insulator" for GaAs, the property of interest in this work is the film
resistivity. For GaAs insulating applications, high resistivity undoped ZnSe
is essential. As an example, Yoneda et. al [3] have recently grown relatively
high resistivity (/):1(_)4§2—cm) ZnSe on (100) GaAs substrates. The high
resistivity ZnSe of carrier concentration 7x10'em ™ is obtained when the
selenium source material is purified nine times by a sublimation process. For
no purification of the selenium, the ZnSe contains a carrier concentration of
1x107em 3. Films grown in Purdue’s MBE facility using multlple dlstll]ed

sources have also demonstrated hlgh re31st1v1ty of this nature.

In summary, ZnSe 1S an xmportant compound semlconductor because it:
(1) has a relatively large band gap, (2) has efficient, direct band-to-band
recombination, (3) is closely lattice matched to GaAs, and (4) has a smaller
dielectric constant than GaAs. ZnSe has been grown by many deposition
“techniques ineluding molecular beam epitaxy. The material properties of
ZnSe have been improved by MBE, particularly in the control of impurity
contamination and non-stoichiometric defects, because of the low growth
temperatures the pure source material, and the ultra-high- vacuum
environment. ~As a result, undoped ZnSe can be grown in a high resistivity

form by MBE.

1.2 Applicati’ons of "Insulating” ZnSe. on GaAs by MBE .

One of the most exciting ‘applications of ZnSe on GaAs is the use of
ZnSe as a pseudo-insulator in GaAs based devices. Some recent dev1ce
applications demonstrate this point. A good example. is the fabrication of a
ZnSe direct current (D.C.) electroluminescence (EL) cell grown on a GaAs
substrate by MBE [4]. In the work by Mishima [4], 0.6um of ZnSe is
deposited on a n+ doped (100) GaAs substrate at a gfowth temperature of
380°C - 4‘50°C. The cell structure consists of gold metal on the ZnSe
‘(doped with manganese) on the n+ type GaAs substrate. The n+ GaAs
substrate serves as both the starting substrate for the ZnSe epitaxy and also

~as an ohmic contact for the EL cell.

~ For small positive voltages, the current in the cell was carried by
thermal]y—exc1ted carriers contained in the ZnSe:Mn layer. This conduction
appeared ohmic. Under hlgher positive voltages (0.1-2V), the current in the
ZnSe was nearly proportlona] to the square of the voltage. According to
- Mishima [4], this type of voltage dependence is indicative of space charge
limited current flow which is observed in insulating films. At even higher
voltages, the current increased rapidly and was thought to be caused by



either intertrap tunneling and-or impact ionization. Hence, for a portion of
the I-V relationship, the ZnSe appeared to be an insulating layer in the EL
cell application. This research was the first investigation that demonstrated
the potential of MBE-grown ZnSe as an insulator for GaAs.

, Another example of insulating ZnSe is the recent use of ZnSe for
current confinement in an aluminum-gallium-arsenide (AlGaAs) laser diode
[5]. Aluminum, like gallium, is a columnn I element and can replace gallium
in GaAs forming a ternary compound. A direct band gap of 2.0eV occurs at
50% substitution of Ga with Al In this laser diode, the AlGaAs is first

' »“grown by “liquid phase epitaxy (LPE) on a n-type GaAs substrate. After

. processing the AlGaAs-GaAs layers, the ZnSe is grown by MBE on top to
form a cladding layer.

In the work by Niina [5], it was stated that ZnSe films grown under
similar MBE conditions demonstrated a resistivity of at least 10 *Qem.
~ Becausc of the h]gh resistivity ZnSe, the confinement factor in the laser
diode was large enough to negate the mﬁuence of leakage currents on the
operating characteristics of the device. Also, according to Niina [5], several
“other insulating layers such as silicon d10x1de (8102) and silicon nitride
(813N4) cou]d also be used as the confinement materlal ZnSe was preferred,
however, for several reasons, most of which were glven in section 1. 1. Most
notably, MBE-grown ZnSe was dep031ted at relatlvely low temperatures
which preserved the LPE-grown GaAs- AlGaAs structure Other reasons
noted were that ZnSe had a thermal expansion coefficient closér to GaAs
than either SiO, or Si;N, and that ZnSe had a larger thermal conductivity

than either of the other two materials.

Both the prev1ous examples suggest that ZnSe could serve as a
passivating insulator in other GaAs based devices such as field- effect
transistors (FETs) To date, the use of GaAs has been hmlted in field-eflect
device app]ncatlons because of the lack of a high quahty insulator.
Researchers have used amorphous materials on GaAs such as native oxides,
silicon nitride, aluminum oxrde, and silicon dioxide, but these materials have
achieved limited success "as GaAs insulators [6]. Usually, the,‘jinterface
between the insulators and the GaAs is dominated 'by_alhigh concentration
of unwanted interface traps. The traps cause electrical instability and are
difficult to eliminate. Elaborate techniques have been developed to reduce
the trap density at the GaAs-insulator interface. One process [7] uses laser
light in conjunction with water to reduce the interfacia‘l defect density but



only improvés the electrical stability of the interface for a short period of
time.. Thermal annealing in hydrogen and nitrogen (as is done in the
silicon-silicon dioxide material system) has also been attempted (6] but with
limited success. ’

The most successful pseudo-insulating layer for GaAs to date has been
aluminum-gallium-arsenide. AlGaAs is MBE compatible and has a larger
band gap than GaAs. AlGaAs is widely used as an insulator in both
depletion-mode {8,9,10] and enhancement-mode [11] field-effect transistors.
However, the AlGaAs/GaAs heterojunction presents a very low interfacial
barrier (0.4eV at maximum) to carrier flow from GaAs into the AlGaAs.
Having a band gap of 2.7¢V, ZnSe could provide an improvement and
alternative to AlGaAs as a passivating layer for GaAs in some device
applications. ' | ‘ -

Additional ZnSe pro_pertvies further suggest that Zn‘Se‘ is a likely
candidate for use as an insulator in GaAs field-effect devices. As previously
mentioned, ZnSe can be grown by MBE in a high resistivity form on GaAs.
Because of the small lattice mismatch, pseudomorphic ZnSe can form a
- coherent interface with GaAs, similar in structural quality to the AlGaAs-
GaAs interface. As explained in Chapter 3, the coherent interface occurs for
very thin (= IOOOA) ZnSe films. One might expect that a coherent
" semiconductor-semiconductor interface would have less surface states than
the incoherent interface formed by an amorphous material deposited onto a
semiconductor. In addition, given its dielectric constant, 1000A of ZnSe is a
convenient thickness for an insulator in a metal-insulator-semiconductor
(MIS) structure.

The advent of interrupted growth molecular beam epitaxy has provided
the first means for using ZnSe as an insulating layer in GaAs based MIS
devices. We have recently reported the successful growth of ZnSe on MBE-
grown GaAs epilayers [12]. Because GaAs and ZnSe tend to unintentionally
dope each other, the different semiconductor layers are grown in two
separate MBE machines. - In this case, interrupted MBE growth means that
the ZnSe epitaxy occurs on a GaAs epilayer (versus a substrate) after the
growth of the GaAs is interrupted in the III-V MBE machine. This is in
contrast to AlGaAs epitaxy that is continuously grown on GaAs without any
interruption in the epitaxy; AlGaAs can be nucleated on GaAs by simply
opening the shutter to an aluminum source oven.



For the first time, thin film ZnSe has been deposited on either doped or
undoped GaAs epilayers which are the essential structures for both depletion
and  enhancement mode  transistors. The  properties of the
ZnSe(epi)/GaAs(epi) heterostructure, as revealed by several diagnostic
measurements, are much different than for ZnSe grown on a GaAs substrate.
It is the purpose of this report to briefly examine these properties and then
demonstrate the use of insulating ZnSe on GaAs epilayers in a MIS
transistor application [13]. '

1.3 Interrupted Molecular Beam Epitaxy

The key to fabricating ZnSe on GaAs epilayers utilizing two separate
MBE systems, is the preservation of the GaAs surface after the interruption
of the III-V MBE growth. When the molecular beam epitaxy of GaAs is
interrupted the surface becomes contaminated with undesirable impurities.
The surface impurities act as negatively charged centers and cause electrons
to be depleted from the surface [14]. For example, Kawai [14] has
demonstrated that n-type GaAs samples doped 2)(1016cm_3/1.2)(1017cm_3
have a depletion region of 300/135A, respectively when the MBE growth is
interrupted and the as-grown GaAs is exposed to dry nitrogen at room
pressure. The amount of charge that is deplefed from the surface is

approximately 2x10em ™2,

When GaAs is again grown on top of the
contaminated surface, the negatively charged centers tend to diffuse

outwards into the second epitaxial layer.

The negatively charged centers are a source of unwanted traps that
cause the Fermi level at the GaAs interface to be fixed at a particular
surface potential. This phenomenon, known as Fermi level "pinning”, limits
the amount of band bending that can occur in the underlying semiconductor.
For example, when a metal is placed on a contaminated GaAs surface, the
Fermi level is usually restricted to between 0.4-0.8 eV above the valence
band [15]. Charge placed on the gate is not entirely imaged by dopants in
the GaAs but rather by the filling and emptying of the traps. Hence, the
surface contamination taking place at interrupted growth interfaces is a
serious prbblem for GaAs devices involving the electrical stability of the

interface.

To attempt to minimize surface contamination, ‘GaAs passivation
schemes have recently been developed. One of the most successful
protection methods uses layers of amorphous arsenic (As) as passivation for
GaAs. The thin amorphous arsenic protects the GaAs while the film.is being



processed outside the MBE vacuum. In our case, the amorphous As acts to
protect the GaAs during the transfer between MBE machines. First
conceived by Kowalczyk et. al [16], As passivation is a relatively simple
technique for protecting GaAs, AlGaAs, and AlAs surfaces.

In Kowalezyk’s experiments, the overlayer of amorphous arsenic was
deposited at the end of the GaAs growth by closing the Ga shutter with the
arsenic flux still present. Because As was not adsorbed at the MBE GaAs
growth temperatures (580-650°C), the sample was cooled to room
temperature. To expedite the cooling process, the sample holder was placed
in intimate contact with the MBE system’s liquid nitrogen shroud.
Approximately 100-1000A of As was formed by the time the substrate
temperature was 25°C [16]. The sample was then transferred from the
MBE system through air to a vacuum chamber containing an x-ray
photoelectron spectrometer (XPS) for studying the constituents of the
surface. The amorphous arsenic layer was then desorbed by heating the
sample to 300-350° C. After arsenic desorptibn, the GaAs epilayer surface,
as characterized .by XPS, showed no carbon, oxygen or other contaminants,
which indicated that the arsenic layer successfully protected the GaAs
surface. ‘

Further studies by Miller [17] showed that GaAs surfaces protected by
amorphous arsenic had less carrier depletion and fewer contaminants than
unprotected GaAs films. Miller used se.cbndary-ion4mass—spectroscopy
(SIMS) and capacitance-voltage profiling as diagnostic tools. An

2 surface depletion

unprotected and etched sample contained a 3x10'! c¢m™
- and contamination from carbon, oxygen, and other elements. The As
protected films showed virtually no carbon or oxygen peaks in profiles by
SIMS and less than -5x10%m™% charge depletion for vacuum and air
exposure. Only exposure to water caused appréciable carrier depletion of

2.5x10'%m ™2 which was still less than the unprotected surface.

Interrupted molecular beam epitaxy is emerging as an important field of
research in semiconductor devices. Extensive work at Purdue [18] has been
involved in wusing advanced MBE techniques combined with arsenic
passivation in the production of new novel GaAs based transistors. As the
properties of semiconductor layers become more understood, the use of two
or more layers together in device applications is becoming attractive.
Interrupted MBE and passivation of semiconductor surfaces make these
applications feasible.



This report details the use of interrupted MBE growth with arsenic
passivation in the fabrication of ZnSe/GaAs(epi) heterostructures which are
to be used in MIS devices. Most prominent, a prototype ZnSe/n-GaAs
doped channel field-effect transistor is described. The emphasis of this work
has been in the growth, fabrication, and characterization of the transistor
structure.

The second chapter describes the MBE growth of both material
systems. The description includes substrate preparation, GaAs deposition,
arsenic passivation, arsenic desorption, and finally ZnSe epitaxy. The third
chapter describes the properties of the ZnSe/GaAs (epi) heterostructure. It
is only a brief exposition and is not meant to be a thorough evaluation of
the material properties. Reflection high energy electron diffraction (RHEED)
is used to compare the nucleation behavior of ZnSe on GaAs epilayers versus
nucleation on GaAs substrates. Transmission electron microscopy (TEM) is
then used to demonstrate that the 1000A ZnSe/GaAs interface is coherent. -
Photoluminescence (PL) studies reveal the effects of the lattice mismatch
between the ZnSe and the GaAs on the energy band structure of the ZnSe.

Chapters four and five involve the fabrication and characterization of
the doped-channel field-effect transistor. After detailing the fabrication
process in chapter four, chapter five examines the electrical characteristics
of MIS-capacitors and the metal-insulator-semiconductor field-effect
transistors (MISFETs). The analysis of the transistor is divided into three
sections: a study of (i) long channel devices, (ii) short channel devices, and
(iii) the gate region. ' ‘

Chapter six summarizes both the material ‘properties and the electrical
properties of the heterostructure and offers suggestions for new devices based
on the ZnSe/GaAs(epi) material system. Two appendices follow the last
chapter. Appendix A is a listing of the fabrication steps for the doped
channel transistor and appendix B is a derivation of the transistor
equations.” o '



CHAPTER 2
MBE OF MIS HETEROSTRUCTURES

The following chapter describes the interrupted molecular beam epitaxy
of ZnSe on GaAs epilayers. Because every layer of the ZnSe/GaAs
heterostructure is relevan't_ to the successful performance of the MIS device,
the entire growth process is described. The GaAs substrate preparation and
epitaxy is performed by M. Melloch. Before the 'growth is described, a brief
description of the MBE systemis is given.

2.1 MBE System Description

The molecular beam epitaxy systems in this work are first generation
machines having small oven and wafer capacities. Because of their age, the
MBE systems are well understood and have produced many high quality
semiconductor films. The interrupted growth of the MIS heterostructures is
performed in two separate Perkin Elmer model 400 MBE systems. Figure 2.1
is a schematic drawing of the ultra-high vacuum MBE system. The II-VI
and III-V MBE systems are similar in design and operation but differ
primarily. in the material content of each machine. The three vacuum
chambers are named after their respective functions and are the
introduction, analysis and growth chambers. Each chamber contains its own
pumping system.

The introduction chamber houses the sample holder and probe arm. A
turbo-molecular pump maintains a background pressure of 1x10~* Torr and
is connected to the chamber by a butterfly valve which allows the chamber
to be easily raised to room pressure. Attached to the end of the probe arm
is the sample holder that contains a "pancake” heater for thermal heating of -
the semiconductor up to 700°C. The sample holder can be rotated by 360°
and tilted by 90° through its axis. The transport probe is surrounded by a
bellows that collapses as the probe arm moves throughout the various
chambers. Because the introduction chamber supports a relatively weak
vacuum, isolation is required between the introduction and other chambers.
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The transport arm slides through a teflon o-ring that isolates the two
chambers when the arm is in the ultra-high vacuum.. When the arm is fully
withdrawn from the system, the chambers are isolated by a pneumatic gate

valve.

The starting semiconductor wafer, typically a (100) GaAs substrate, is
mounted on a molybdenum (Mo) block by indium solder. Although the
indium is molten above 130°C, the GaAs wafer is held to the Mo block by
surface tension. The Mo block is attached to the sample holder with two
high purity stainless steel screws. Located at the back of the Mo block in
the center of the sample holder is a thermocouple that is used. to monitor
the temperaturé of the GaAs substrate. Good thermal contact between the
thermocouple and Mo block is very important in order to accurately
determine the substrate temperature and is checked by electrical
conduct1v1ty before each growth. ‘ ’

Both the analysis and growth chambers comprise the ultra-high vacuum
portion of the MBE system and maintain a room temperature base pressure
of 1x107!% Torr. As Fig. 2.1 indicates, the analysis chamber is pumped by a
200 liter/sec ion pump, and the growth chamber is pumped by a 2000
hter/sec closed-cycle helium cryopump. The pressure in each chamber is

monitored with nude ion gauges.

The analysis chamber contains several in situ diagnostic tools for
evaluating the composition and quality of the semiconductor surface. For
example, in the MIS work, the arsenic is desorbed (evaporated) from the
GaAs epilayers in the analysis chamber while monitofing the surface with
Auger electron spectroscopy (AES). While not used in this research, the
analysis chamber also contains an x-ray excitation source for electron
spectroscopy for chemical analysis (ESCA) of the surface and an ion

sputtering gun for etching the semiconductor surface.

Auger electron spectroscopy is a surface diagnostic measurement that
reveals the atomic makeup of a semiconductor surface. Medium energy
electrons are directed at the GaAs substrate and cause Auger electrons to be
emitted from the atoms near the surface of the semiconductor (within the
top 30A4). The Auger electrons are collected by a cylindrical mirror analyzer
at the top of the chamber. Each collected electron has an energy which is
dependent on the source atom. Hence, an AES plot indicates the
constituents of the surface of the semiconductor. AES scans are used in this
work to verify the presence of the arsenic passivation layer, to check when
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the arsenic 'layer has been desorbed, and to look for impurities such as
oxygen, carbon, and indium on both the GaAs and ZnSe surfaces.

As its name implies, the material deposition takes place in the growth
' chémber. Like the analysis chamber, the growth chamber contains several
in situ diagnostic tools, such as reflection high energy electron diffraction
(RHEED) and a quadrapole mass analyzer. The mass analyzer is used in
determining the background impurities in the ultra-high vacuum while
RHEED, as explained in Chap. 3, is used to evaluate the crystal structure
and quality of the growing compound semiconductor. A quartz crystal
monitor in the II-VI machine is situated opposite the source ovens near the
growth position of the sample and is used to determine the molecular beam
fluxes. Also, near the growth position in both machines is a liquid nitrogen
shroud for absorbing the excess beam flux and residual background
impurities. When the shroud is cold, the pressure in the growth chamber is
typically 5x107' Torr. »

The source materials are evaporated from effusion ovens, and up to
eight different elements or compounds can be evaporated. The material is
housed in boron nitride crucibles of two different sizes, 2cc and 20cc. The
source material is-heated by passing electric current through heater wire
that is wrapped around the crucibles. The elements evaporate without
melting and form a molecular beam. A thermocouple, in conjunction with a
proportional-integral-derivative feedback controller, keeps the oven
temperatures (180-1000°C) at +/- 1°C of the desired set point. To
minimize cross contamination and heating from different ovens, each oven is

surrounded by a second liquid nitrogen shroud.

Each source oven has an air actuated shutter over the mouth of the
oven that regulates the molecular flux. The shutters allow fluxes to be
switched on and off very quickly. In conjunction with the low growth rate,
the shutters help realize the growth of ultra-thin semiconductor layers as
thin as several monOl_ayers. The same tempefature controller can also be
used to automatically open and close the source shutters. The ability to
control the beam fluxes is one of the many advantages that MBE has over
other éfpitaxial growth systems. ‘

2.2 I11I-V Epitaxy

The MIS heterostructures consist of ZnSe deposited on different doped
or undoped layers of GaAs:. Table 1 shows the twelve films grown to date
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Structure of the 12 MIS samples grown to date. The starting
substrates have (100) orientation. The ZnSe is 1000A thick
except for the first film which is 1.3pum thick. (n:n-type, p:p-
type, Slisemi-insulating), CV:current-voltage of a  MIS

capacitor, EM: enhancement-mode transistor, DM:depletion-

mode transistor, and SC:solar cell.

No. Sub | Epi Doping(em™) (um) | Appl.
1 n+ | SI 5.0
2 n | n 1.0e17 2.10 CcV
3 p+ p 1.5e17 1.56 Cv
4  n 1.0e17 2.10 | CV
5 n n 1.0e17 1.30 | CV
6 ST | SI - 1.67 | EM
7SI n 1.5e16 0.40 DM
| SI 1.00 .
8 SI | SI 137 | EM
9  SI n 3.0e17 0.14 | DM
o S] 1.20
10 SI | Sl o 125 | EM
11 n+ | p 3.0e18 0.40 sC
n- 2.0e17 2.00
n+ . 8.0el7 0.50
12 ST | n 3.0e17 0.10 | DM
SI 1.00




indicating their structure and electrical device applica’tion. The first MIS
heterostructure was a 1.3;um ZnSe film grown on undoped GaAs. Films 2
through 5 were 1000A ZnSc on doped epitaxial layers of GaAs for use in MIS
capacitor studies.. The next six structures were grown on semi-insulating
GaAs substrates for use in transistor devices. Films 7,9, and 12 were doped
channel MISFETS and 6,8 and 10 were designed for enhancement-mode
transistors. Because of various problems that developed in both epitaxial
systems, film 7 was the only successful depletion-mode transistor, and its
fabrication and characterization are reported in chapters 4 and 5. Film 11
was a solar cell consisting of a GaAs p-n junction.

The GaAs epitaxy consists of four sequences: (1) sample preparation, (2)
oxygen desorption, (3) GaAs deposition, and (4) arsenic passivation. The
interrupted MBE growth, beginning with wafer preparation, is performed in
one day in order to minimize contamination.

2.2.1 Sample Preparation

The first, and most important step in the MBE growth of MIS
structures, is the preparation of the GaAs substrate. The safnple
preparation has been given elsewhere in detail [19] but is repeated here for
sake of clarity. The three main steps in the GaAs substrate preparation are
(i) degrease of the tools and sample, (ii) etching of approximately 10um of
GaAs, and (iii) mounting of the substrate on the Mo block with indium.

To begin, both the glassware and stainless steel utensils used in other
parts of the sample preparation are cleaned. The metal tools are cleaned
with a three part degrease outlined in Table 2. The degrease removes
hydrocarbons and other organic materials that are extremely difficult to
pump in an ultra-high vacuum. The degrease consists of boiling in
‘trichlorcethane and subsequent ultrasonic cleaning in acetone and methanol.
The glassware and teflon articles are purified using an aqua-regia chemical
etch. Aqua regia consists of 3:1 HCL to HNO; and is orange and bubbly
when properly mixed. R ‘ : o '

Along with the stainless steel wares, the GaAs substrate is also
degreased. Both Sumitomo and Ma-Com GaAs substrates are used in this
work. After cleaving the wafer, 10mm x 20mm x 450um, the substrate is
degreased using the same procedure outlined in Table 2. Following the
methanol cleaning, the sample is rinsed in deionized water (D.I. H,0) and
dryed with nitrogen gas. The sample is now ready to be etched.
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Table 2. Degrease procedure for both stainless steel ware and GaAs
substrates. » '

TIME (min.) SOLVENT  AGITATION

5 TCA . Boiling

5 TCA Boiling
10 ACE Ultrasonic
10 'METH Ultrasonic

5 H,0 Rinse
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Approximately 10yum of GaAs material is removed with a 80 second dip
in.60°C 5:1:1 HySO, : HyO, : HyO. The GaAs sample is then rinsed for
several minutes in D.I.- H,O. While in the H,O, a thin layer of oxide is
grown on the freshly etched GaAs. Consisting of AséO5 and Ga,03, the
oxides protect the GaAs surface during mounting and subsequent exposure

to room air.

K To complete the sample preparation, the GaAs substrate is dryed and
mounted on the Mo block with indium. The back side of the wafer is wet by
moving the substrate back and forth in the molten’ indium. After the wafer
'vadheres to the Mo block, the’ sdmple is_cooled, and the excess 1nd1um is
removed from the block with a blade. Because of its low vapor pressure very
little indium evaporatesduring the film deposition. -

2. 2 2 Oxide Desorptlon and GaAs Epitaxy

1mmcdlately following the substrate preparation, the Mo block is
mounted on the sample holder with the metal screws and the thermocouple
is electrically checked to see if it is making good contact to the Mo block
The mtroductlon chamber is then pumped to at least 1x10™ 4 Torr.

The GaAs wafer is first transported to the analysis chamber for initial
thermal cleaning and characterization of the substrate surface. The wafer is
heated to at least 350 ° C in order to drive off water vapor Even though '
the GaAs is protected by a thin oxide layer, carbon can sometimes be
adsorbed onto the substrate surface The carbon can be evaporated with
the oxide if it is loosely bonded to the GaAs substrate. Chang [20] has
shown that adsorbed carbon is weakly bonded at first to the substrate but
that exposure to the AES electron beam strengthens the atomic bond if the.
substrate temperature is below 350° C. Therefore, the substrate is analyzed
by AES only after the ternperature reaches 350° C. - Typically, an AES scan
of the GaAs surface at this point displays large oxygen, gallium, and arsenic
peaks. Figure 2.2 is a representative AES plot of a GaAs substrate before
the oxygen has been desorbed. The scan indicates the presence of oxygen,
gallium and arsenic and are appropriately labeled. To the left of the oxygen
peak appears a very small deflection at an electron energy of 272eV, the
energy for carbon contamination. The carbon peak is labeled with a small
Jetter ¢ (the blip to the right of the carbon is noise). '

Before - the sample enters the growth chamber, the source ovens are
heated to the appropriate growth temperature. The source ovens used in
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Figure 2.2. An AES scan of a GaAs substrate at 350 ° C prior to oxygen
desorption. A small carbon peak is also present.
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the II1-V deposition are a 20cc gallium, a 200cc arsenic cracker, a 2cc silicon
(n-type dopant), and a 2cc beryllium (p-type dopant). The arsenic source
oven is termed a cracker because the molecular arsenic flux originating from
it consists of As, which has been separated or “cracked” from As;. As,

bonds to the Ga atoms more efficiently than the tetramer of arsenic.

Once the state of the GaAs surface has been assessed, the GaAs sample
is moved to the growth chamber in an overpressure of arsenic. The RHEED
image of the crystal is now used to monitor the desorption of the thin oxide
layer. (See section- 3.3 for a discussion of RHEED) The substrate
temperature is raised very quickly towards 580 ° C where the Ga,Oy4 is known
to desorb. As,Oy comes off well below 580°C and is therefore not a
consideration at these temperatures. The initial diffraction pattern due to
the amorphous oxide appears as a halo with no definite lines or spots. As
the oxide comes off, diffraction streaks appear and eventually dominate the
pattern. At this point, the substrate temperature is raised by 10-20° C to
ensure that the growth temperature will be over 580°C. GaAs can be
efficiently grown from 580-650 ° C.

As soon as the substrate temperature stabilizes, taking about 2
minutes, the gallium shutter is opened, initiating the growth of the GaAs.
At this point, the RHEED ‘pat'tern appears spotty‘and dim but soon
brightens into streaks as monolayers of GaAs are deposited. Usually,
reconstruction lines will be seen between the main order diffraction streaks.
A 2 x 4 As stabilized surface reconstruction is often observed and preferred
for maximum crystal stoichiometry. The typical growth rate for the GaAs is
0.7 4m per hour and has been confirmed from RHEED intensity oscillations.
The calibration of the growth rate from the 1nten31ty oscillations will be
dlscussed in the next chapter '

2.2.3 Arsenic Passivation

' Upoh completion of the growth of the GaAs layers in the III-V system,
the surface is passivated with amorphous arsenic. The GaAs growth is
terminated by closing the :Ga shutter with the As left open. The sample is
now cooled to room temperature. As the substrate temperature is reduced,
the arsenic begins to adsorb to the GaAs surface and the RHEED pattern
becomes less streaky and more diffuse. At a'round 100° C, the diffraction
streaks disappear completely leaving behind a dim halo-like pattern. The
sample is cooled to slightly ‘below room temperature _20-25 *C reQuir'mg
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approximately 25-30 minutes:

- To expedite the cooling process,vthe sample block can be placed in
intimate contact with the MBE system’s liquid nitrogen shroud. After
closing the Ga shutter, the probe arm is withdrawn by approximately 2c¢m
and tilted by 20-30° wuntil it rests on the shroud. It has been shown
experimentally that contact with.the shroud is not necessary for rapid
cooling of the sample. By simply moving the sample holder within the
vicinity of the liquid nitrogen é‘hroud, a - cooling time of 30 minutes is
achieved. It has not, however, been established that the sample must be
cooled to room temperature for a sufficiently thick arsenic layer to be
deposited. The samples in this work are processed according to Kowalczyk’s
[18] research where the substrate is cooled to below room temperature. As
in Kowalciyk’s work, “the thickness of the amorphoﬁs arsenic layer is
suspected to be between 100-1000A depending on the flux of arsenic and the
rate at which the substrate is cooled. ' -

~ Once the sample reaches 20-25° C, the arsenic deposition is terminated
and the sample is moved to the analysis chamber. AES of the wafer reveals
only an As peak, confirming the presence of the passivating layer. The
sample is then withdrawn to the intro chamber. To complete the III-V
work, the Mo block with sample is transferred through air to the
introduction chamber of the II-VI machine. The sample is quickly mounted
with screws and the chamber is pumped to 1x10™* Torr. The sample is now
ready for the II-VI epitaxy. ‘

2.3 I-VI Epitaxy

The II-VI growth sequence consists of two parts, desorbing the arsenic
layer and subsequent epitaxy of the ZnSe. In order to eliminate variables in
interpreting device and material characteristics, the ZnSe growth is
virtually the same for all but one film. (In film ZOOEG320-5, the sample
was not heated above the ZnSe growth temperature after the arsenic layer

- was desorbed. As pointed out in this section, this was not the case for the.
other films which were all heated to at least 500° C.)

2.3.1 Arsenic Desorption

The first step in preparing the sample for ZnSe epitaxy is thermal
vcleaﬁ‘ing in the analysis chamber. After moving the sample to the AES
position, the sample is heated to 200° C for 15 minutes in order to evaporate
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water vapor. Because the arsenic begins to desorb from the amorphous
layer at 270°C, an AES scan of the surface is taken at a substrate
temperature (Tsub) of 250° C. A representative AES plot of the amorphous
As layer of ZOOEG320-7 appears in Figure 2.3. Notice in the scan the
presence of an arsenic peak but no gallium peak, confirming the presence of
the passivating layer. Also note there is no detected oxygen at this point in
the strtlcture. o |

After confirming the presence of the passivating layer of arsenic, the
amorphous arsenic is desorbed while monitoring with AES. An AES Scan_ of
800-1300eV permits observation of both the main Ga peak (1070eV) and the
main As peak (1228eV). Tsub is increased in steps of 10° C every five min.
starting at 250°C. Around Tsub of 270°C, the pressure in the analysis
chamber (P,) increases to the mid 107 Torr range. Arsenic is believed to
be desorbing from the GaAs surface at this temperature but at a very slow
rate. Until the gallium peak appears in the AES scan, Tsub is continually
raised in intervals of 10°C. The gallium peak typically appears around
300-310° C with P, in the low 1077 Torr range. Once the gallium peak is
present, the sample is heated at 300-310° C for 2 mlnutes to ensure that the
arsenic desorbs completely over the entire wafer. - ‘

Tsub is now reduced to 250° C and another AES scan is taken. Figure
2.4 depicts the preserved GaAs surface after arsenic desorption for
ZOOEG320-7. Notice at this point a small oxygen peak at 503eV. Because
oxygen at the GaAs interface can lead to undesirable surface states that
cause Fermi level pinning 8], the oxide is desorbed by thermal heating. The’
oxide desorptlon is monitored with AES similar to the procedure for
desorbing the oxide from the starting GaAs substrate. Preceding the
disappearance of the AES oxygen peak, the analysis chamber pressure rises
to the 10™® Torr range and then quickly falls to the mid 10~ ® Torr range. To
completely desorb the oxide over the entire wafer, the sample is heated at
500-510° C for 2 minutes. Tsub is then lowered and the sample is moved
into the growth chamber. ' R

The presence' of the exygen at the GaAs epilayer surface might-suggest
that the arsenic layer is not protecting the GaAs surface during the transfer
between MBE systems. However, it has been -experimentally determined that
the oxygen is most likely introduced before the sample is removed from the
[[I-V system. (A GaAs epilayer was passivated with arsenic and then
desorbed without removing the wafer from the III-V system; in this case
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Figure 2.3. An AES scan of the arsenic passivated GaAs epilayer after the

transfer from the III-V MBE machine. The scan is taken at
250 ° C and shows no gallium, oxygen, or carbon.
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Figure 2.4. The AES scan of the GaAs epilayer after the arsenic layer is
’ desorbed displaying a small amount of oxygen.
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oxygen was still observed on the surface of the GaAs.) The oxygen is
believed to enter through leaky shutter mechanisms in the 111-V MBE system
and adheres to the GaAs following the termination of the growth and prior
to the formation of the arsenic overlayer. After repair of the leaks in the
III-V machine and as the oxygen is gettefed during repeated use of the
machine, the size of the AES oxygen peak decreases. However, in’ the
manner used in this work, AES does not gfve reliable - quantitative
information on surface species” but only confirms the presence of a
contaminant. Even if no oxygen peak appears on AES, there may be enough
contamination to damage the interface electrically. ‘

2.3.2 ZnSe Growth Parameters and Epitaxy

The 20cc selenium and 20cc zinc source ovens are heated to the
deposition temperatures before the sample enters the vacuum system.
Typically, the Se is heated to 180 - 185° C while the Zn is heated to 300 -
305°C. At these respective temperatures, a beam flux of 3.0x10"*
atoms/chSec is measured by a quartz crystal monitor which is located near
the growth position. The resonant frequency of the quartz crystal decreases
as material deposits on the crystal. By calculating the rate at which the
resonant frequency decreases with r‘e‘spect to the rate at which material is
deposited on the crystal, the molecular fluxes can be d»eterminved. The
molecular fluxes are related to the rate of change of the resonant frequency
of the quartz crystal by two constants, 1.]7x1014atoms/cm2Hz for Zn and
9.71x1013atoms/cm2Hz for Se. The Zn and Se molecular fluxes are both set
at 3.0x10"! atoms/cm2sec in order to give a Se-to-Zn flux ratio at the
substrate of approximately one. At unity flux and a substrate temperature
of 320° C, the ZnSe grows at approximately 1A /sec.

The ZnSe growth parameters are chosen based on successful film growth
at Purdue [12] and at other laboratories (Yoneda) [3]. Using these growth
parameters, high resistivity films have been grown at both laboratories. As
emphasized in Chapter one, high resistivity ZnSe is essential for insulating
applications. In the work by Yoneda [3], the ZnSe of resistivity 10*(dem was
grown at a GaAs substrate temperature of 320 °C and a Se-to-Zn flux ratio
of two. Yoneda attributed the high resistivity of the ZnSe to the use of
multiple distilled selenium source material. Research at Purdue agrees with
this result. In our laboratory, both the zinc and selenium source material
are purified by multiple distillation. Thin film, undoped ZnSe (2/m) grown
‘with distilled source material at a flux ratio of one and temperature of
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3920° C has demonstrated a resistivity at least greater than 10*%em. Work
by Yao has produced low resistivity (1{2¢m) undoped ZnSe grown at 320°C
and unity beam flux [2]. We believe that in Yao's work low resistivity ZnSe
is obtained because of the purity of the starting source materials and not
because of the growth conditions. \

The early stages of the 7ZnSe deposition is monitored by RHEED and is
fully discussed in Chapter 3. The substrate is heated to 320°C before
nucleation. . Because the arsenic overlayer desorbs around the expected
value of 270 ° C, the sample thermocouple is considered somewhat calibrated
at 320° C. Once the sample is at the growth temperature, the ZnSe growth
is initiated by opening the Zn and Se source shutters. Because the growth
rate is 1A /sec, the film is deposited for 1000 seconds. The growth chamber
pressure is typically 7.3 - 7.5 x10~% Torr during the ZnSe epitaxy. The
growth is terminated by closing the Zn and Se shutters, and the sample is
moved unheated to the analysis chamber. '

A final AES plot of the 7ZnSe at Tsub=250°C, Figure 2.5, shows both
7Zn and a Se peaks. The impinging electrons result in observable bright
blue cathodeluminescence from the ZnSe. No oxygen or carbon are seen in
the final AES scan. The MIS structure is now complete and the film 1s
moved to the introduction chambe»r for removal from the system.
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Figure 2.5. The final AES plot showing the presence of Zn and Se peaks,
’ confirming the growth of ZnSe on the GaAs epilayer. No
carbon or oxygen are detected.
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| CHAPTER 3
MATERIAL CHARACTERIZATION

3.1 Nucleation Studies by RHEED |

The early stages of ZnSe growth on GaAs epilayers has been studied
using reflection high energy electron diffraction (RHEED). RHEED is an
excellent in situ diagnostic tool because it can be used to ’monibtor the
epitaxy without disturbing the film growtvh. RHEED is performed by
impinging a medium energy electron beam (10KV) onto the semiconductor
surface with a gl’anciﬁg angle of 1-2°, as illustrated in Figure 3.1. The
diffracted electrons illuminate a phosphor coated screen on the inside wall of
the growth chamber forming a diffraction pattern which can be observed
exterior to the vacuum. In this work, we are primarily concerned with two
different patterns that are typically seen on the screen, streaks and spots.
Reflection electron diffraction from planar, smooth surfaces produces a
streaked diﬂraction pattern, while diffraction from rough, non-planar
surfaces results in circular spots [21]. By observing the diffraction pattern
and its evolution with time, the nature of the ZnSe nucleation on the GaAs

surface is determined.

The evolution of the RHEED pattern during nucleation of ZnSe on MBE
GaAs epilayers contradicts what is typically observed by various research
groups [22,23,24] using bulk GaAs substrates. In most II-VI epitaxy, ZnSe is
nucleated on GaAs substrates that are thermally cleaned at 580-600°C to
desorb the GaAs oxides. Without an overpressure of As, this type of
thermal cleaning results in the loss of arsenic from the surface creating a
transition structure between an As-stabilized and a Ga-stabilized surface. A
Ga-rich surface will result for excessive high temperature heating of the
GaAs substrate. When ZnSe is nucleated on these various surfaces, the
RHEED pattern becomes very spotty for several minutes. The appearance
of the diffraction spots suggests that the initial ZnSe surface is rough,
consisting of islands of ZnSe that have been nucleated by a three
dimensional growth mechanismn. As the ZnSe islands coalesce forming a
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Figure 3.1.- Schematic dlagram of the RHEED setup in the growth chamber
' of the MBE. The impinging electrons with a glancing angle of
1-2° are diffracted from the semiconductor and terminate on a
fluorescent screen resultlng in a diffraction pattern that can be
: monltored during the ﬁlm growth
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smoother growth front, the diffraction -streaks will again appear. To
summarize, ZnSe that is nucleated on GaAs substrates nucleates three
dimens’ionally, causing the RHEED pattern to consist of fuuzzy spots. for
several minutes into the epltaxy

The evolution of the RHEED pattern for ZnSe nucleated on a GaAs
epllayer (ZOOEGBQO— ) appears in Figure 3.2. The beginning diffraction
pattern of the GaAs epilayer surface in a [110] azunuth Fig. 3. 2(;1) shows
~ bright integral order diffraction streaks Often, the diffraction pattern of
the GaAs epilayers is brighter and more distinct than that of a GaAs
substrate. Upon nucleation of the ZnSe, the pattern dims briefly but quickly
returns to streaks with very little spottiness.. The observation of the
strongly streaked RHEED pattern and the early presence of reconstruction
lines (= 9sec.) suggest a more two dimensional (2D) ZnSe growth
mechanism [12]. In the case of two dimensional growth, the ZnSe essentially
completes one layer .of atoms before the next layer of atoms becomes
incorporva:ted. The surface front of the ZnSe nuecleated on the GaAvs(épi) is
atomically svmoo‘th, unlike the nucleation of ZnSe on the GaAs substrate
where the surface is rough because of the initial island formation. |

‘Nucleation studies by Tamargo [25] havevrecently observed both two-
dimensional and three-dimensional nucleation of ZnSe on GaAs. In this
work, ZnSe was deposited on four types of GaAs surfaces; Ga-rich GaAs
substrates and epilayers and As-rich GaAs substrates and epilayers. The
films were grown in a modular MBE system where multiple growth chambers
were connected by a single ultra-high vacuum transfer tube. For ZnSe
nucleated on Ga-rich GaAs, both substrates and epilayers, fuzzy RHEED
spots, that lasted for several minutes were observed, suggesting a three-
dimensional nucleation behavior. On the other hand, the ZnSe nucleated on
. As-rich. GaAs showed a more two-dimensional growth mechanism with the
RHEED: pattern displaying almost no spottiness. Tamargo suggested that
the critical parameter to obtain two-dimensional nucleation was the type of
surface termination of the GaAs. Our results are partially consistent with
these ﬁndings because. the GaAs epilayers used in our work were typically
As—stab-ilized; However, layer-by-layer growth has been observed for ZnSe
nuclea'ted-dn the transitional GaAs surfaces where the surface was neither
Ga or As rich. ’

The two- diménsibnal growth of ZnSe on GaAs ‘epilayers ‘is further
confirmed by the observation of intensity oscillations in the RHEED pattern.
- In MBE grown GaAs films, oscillations in the intensity of the diffraction
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»EVOll.ltIOIl of the RHEED patter‘n for the nucleatlon of ZnSe on
“a GaAs MBE- grown epllayer for (a) t=0s, b) t=9s, (c) t=29s,
(d) t=150 in::The [110 az’lmut‘h:is shown
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pattern [26] has been associated with a lay.er—by—]ayer growth mechanism.
The variation in the intensity of the RHEED pattern is related to changes in
surface roughness. In layer-by-layer growth, the smoothness of the surface is
believed to vary periodically as is illustrated in Figure 3.3 (reproduced from
ref. 26). Neave and Joyce 26] have defined a parameter © which represents
the fractional layer coverage of the GaAs surface. For © equal to zero and
one, the GaAs surface is at maximum smoothness and reflectivity. The
minimum - reflectivity occurs when the layer is half complete such that ©
equals one-half. Con'sequently, as © oscillates between zero and one in the
layer-by-layer deposition, the intensity of the diffraction pattern also
oscillates. Each oscillation represents the growth of one monolayer of GaAs.
(A morolayer is defined as one layer of Ga atoms and one layer of As atoms
which is equivalent to half of a unit cell of GaAS) Oscillations in the
RHEED pattern have previously been observed at Purdue for the 1I-VI
compounds ZnSe and MnSe 27].

- The RHEED intensity oscillations (RIOs) are observed by converting the
light from the fluorescent screen into an electrical signal. The RIO setup is
illustrated in Figuré 3.4. FirSt, the fluorescence is collected by an optical
fiber that is mounted on a x-y stage on the focal plane of a Hasselblad 100C
camera. A precision 500um aperture is placed on the end of the optical
fiber. The collected light is. converted into an electrical signal by a
photomultiplier tube having an S-10 photocathode. The electrical signal from
the ihul'ciplier is then amplified and displayéd on a time base chart recorder.

The intensity variations for ZnSe on GaAs epilayers, showing the layer-

by-layer growth mechanism, appear in Figure 3.5. These 120 oscillations are
detected from the specular spot in the [210] azimuth for ZOOEG320-7. In
‘our case, the period of.the oscillations represents the growth of one
monolayer of ZnSe. From the period 'of' the oscillations, a growth rate of
approximately IA/sec is . caleulated - —-a/QT . The 120 oscillations
represent layer-by-layer growth for over one-third of the ZnSe growth
duration. The damping of the oscillations is attributed to additional ZnSe
layers (three molecular monolayers) forming before completion of the
underlying monolayers [26]. -

In contrast to the intensity oscillations seen in Figure 3.5, the
nucleation of ZnSe on a GaAs substrate results in very little intensity
variation. Shown in Figure 3.6, the specular spot in' this case initially
decreases, rises, and then decays to some average value.  This type of
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Iustration  of how layer-by-layer growth causes a periodic
variation in the surface reflectivity [26]. For © (percent
surface coverage) of 0 and 1, the surface is at maximum
reflectivity while at © of 0.5, the surface reflectivity is at a
minimum. : :
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Figure 3.5. RHEED oscillationé observed in the [210] during the nucleation
T of ZnSe on a GaAs epilayer at 320° C substrate temperature.
Intensity increases downward in this plot. .
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variation in the beam intensity is observed when InGaAs grows three
dimensionally on GaAs epilayers [28] and agrees with the manner in which
the RHEED pattern evolves under observation -with the naked eye as
previously discussed.

- In summary, the evolution of the RHEED pattern for ZnSe on GaAs
‘epilayers indicates a layer-by-layer growth mechanism where streaks are
seen in the pattern after only a few seconds. RHEED intensity oscillations
of the specular spot also confirm that ZnSe nucleates two-dimensionally on
As-stablized GaAs epilayers. In contrast, ZnSe nucleated on Ga-rich GaAs
substrates show three-dimensional growth behavior where ZnSe island
formation leads to a dim spotty pattern and a lack of intensity oscillations.

3.2 Microstructure Analysis of ZnSe on GaAs(epi)

The following is a summary of the microstructure analysis of the
anL/GaAq (epi) heterostructure performed by C. Choi and N. Otsuka at
Purdue [29]. Choi and Otsuka use transmission electron microscopy (TEM)
to look at the interface between the two materials and also to study
dislocations and defects in the heterostructure.

X-ray measurements of the lattice parameter of ZnSe grown on GaAs as
a function of film thickness have revealed a substantial increase in the
perpendlcular lattice parameter for ZnSe film thicknesses below 2000A.
Because ZnSe and GaAs have different lattice spacings (ZnSe(bulk) =
5.669424A GaAs(bulk) — 5.6533A, 0.25% lattice mismatch), very thin ZnSe
layers suffer tetragonal distortion to accommodate the lattice mismatch. As
the ZnSe in-plane lattice constant is reduced to match the lattice constant
of the GaAs, the perpendicular or normal lattice constant of ZnSe expands.
The expansmn can be visualized as two different size boxes becoming
adjoined at one side. If the total area “of each box remains fixed, as the
larger box reduces its width, its length must accordingly expand. The ZnSe
is the larger box, obviously, and remains as a distorted semiconductor until
the distortion is relaxed by the generation of misfit dislocations. The film
thickness where the misfit dislocations occur is called the critical thickness.

In the x-ray data given by T. Yao [30] one sees the effect of the
compressive strain on the normal lattice constant of ZnSe, Figure 3.7. The
dark circles and the dashed line represent the normal and bulk ZnSe lattice
constants, respectively. According to the figure, as the ZnSe filn thickness
approaches 20004, the normal lattice constant decreases dramatically. This
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Figure 3.7. Lattice spacing normal to the ZnSe epilayer as measured by x-
ray diffraction [30]. The dark spots are the main diffraction
peaks while the dashed line is the bulk ZnSe lattice constant.
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data is interpreted as the ZnSe film thickness for which the strain is being
relieved by misfit dislocations. After the strain is relieved, the lattice
constant becomes close to that of bulk ZnSe and decreases for ZnSe greater
than 1pm. The reduction of the normal lattice constant at this point is
thought to result from the difference in thermal expansion coeflicients
between ZnSe and GaAs which are reported to be 6.8x10" 6/K and
5.7x107% /K, respectively [30].

Because the ZnSe film thickness in the MIS devices is approximately
1000A, the ZnSe is expected to be "pseudomorphic” such that the parallel
atomic spacing of the ZnSe and the GaAs are the same. In this case, misfit
dislocations are not expected to be present in the ZnSe which implys that
the interface between the two materials should be coherent and free of
defects. To confirm the pseudomorphic nature of the ZnSe, the
heterostructure is examined with cross-sectional transmission electron
microscopy. TEM monitors the transmission of high energy electrons
through a very thin slice of the semiconductor and produces an image of the
atomic lattice. - Because TEM utilizes very high energy electrons (200KV),
the measurement can detect atomic arrangeménts with a resolution as small
as 2.3A. '

Figure 3.8 shows a cross-sectional bright field image of the 1000A ZnSe
épilayer grown on the MBE-grown GaAs epilayer. The interface appears as
a sharp straight line with the epilayers free of the evidence of threading
dislocations, thus confirming the pseudomorphic nature of the ZnSe. In
contrast, Figure 3.9 shows a plan-view dark field image of a 1.3um ZnSe film
grown on a GaAs ep{layer, ZOOEG320-1. A network of strain-relieving
misfit and thréading dislocations is clearly seen. In this film, dislocations are
expected because the ZnSe is much thicker than the critical thickness of
15004 -20004. ' ‘

Even more 1nterest1ng, a hlgh resolution electron microscope (HREM)
1mage of the pseudomorphlc ZnSe/GaAs (epl) interface shows a coherent
atomically sharp interface, Figure 3.10. The arrow in Fig. 3.10 indicates
the location of the interface. It is a‘lmost'impossible to observe any
difference between the ‘two sides of the picture, indicating that the
pseudomorhpic ZnSe/GaAs(epi) interface is coherent. On the other hand, the
ZnSe /GaAs(substrate) interface does not appear coherent and featureless in
a HREM image [11]. The interface contains wavy, step-like boundary
images which indicate the presence of small pits and steps. Because GaAs
substrates are mechanically polished and chemically etched, these types of
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Figure 3.8. A cross-sectional bright field TEM image of a 1000A ZnSe film
on a GaAs epilayer showing the absence of threading and
misfit dislocations.
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Figure 3.9. A plan view dark _field image-_ rov‘f"‘ the ZnSe /GaAs . in‘t‘é:_rfa;ﬁé
showing a ‘network of misfit dislocation.  The ZnSe" layer
thickness is 1.3pmm. - - PR B
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defects are expected It s thought that these surface 1mperfect10ns are
potent1al nucleation sites “where ZnSe can form 1slands during the initial
nucleation on the GaAs substrate.

Hence, TEM analysrs of  the IOOOA ZnSe grown on GaAs eprlayers
reveals a coherent interface and ‘a ‘misfit dislocation free heterornterface In
this case, the ZnSe is a pseudomorphrc layer with the same in-plane atomic
spacing as the underlying GaAs.. For ZnSe film_ thicknesses greater than the
crrtlcal thrckness, threadlng and mxsﬁt dlslocatrons are observed

- 3. 3 Photolumlnescence of Pseudomorphlc ZnSe

Photoluminescence (PL) measurements, like . TEM reveal information
about the stramed nature of the 1000A ZnSe/GaAs (epi) heterostructures
Not only- does the lattice mismatch between the ZnSe and GaAs cause the’
lattice to dlstoxt it also causes changes in the ZnSe energy bands. PL
experlments use laser llght to study the nature of these changes

~ Typically, photolummescence is performed by exciting valence band
electrons into the eonduction band w1th photons from a laser source. When
the electrons recombme to the valence band, they emit llght (lummescence)
at partrcular wavelengths; it is the analysis of this luminescence that gives
information. about the changes in the energy band structure of the
pseudomorphrc 7nSe. The electrons are excited well above the band gap of
the ZnSe and qu1ckly relax to lower energres The excited electrons couple
with a hole before recombining to form a partrcle called an-exciton which
behaves like a hydrogen atom. Excltons have a bmdmg energy below the
conduction band edge glven by the equatlon By rq"/(2h262n ) where m,
is the effective reduced mass and n is an 1nteger é 1. 'The n=1 exciton is
the farthest away from E¢ with n=o00 representmg a free electron. Excitons
can also be bound or attracted to 1mpur1t1es whlch places the exciton
bmdmg energy l'urther into the bandgap

In ZnSe PL stud1es, the ultrawolet line of the argon laser is used to
excite the ‘electrons above the 2.7¢V- band gap. The PL spectrum of a
pseudomorphlc film appears in Figure 3.11. The plot consists of 1nten51ty
versus wavelength and was taken at 8°K. At these temperatures, three
distinet features are observed at 2. 8178eV 2.8064eV, and 2.7997eV. This
portion of the spectrum represents the band’ edge luminescence with each
peak originating from a separate exciton. The excitation density of the
laser was 3. 5W/cm but- 1dent1cal ‘data was observed at exc1tatron levels
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Figure 3. 11 Phofolumlnescencé spectrum of a 10004 ZnSe epilayer on a
A.5um GaAs epllayer taken at 8°K. The exc1tat1011 den31ty
was 3. 5W/ cm?.
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down to 75mW /cm?.

Noteworthy in Fig. 3.11 is the dominance of the feature at 2.8064eV
which is attributed to the n=1 free exciton [11,30]. The free exciton is
“shifted upwards by 4.4meV from the bulk transition energy. The shift is
attributed to the 0.25% lattice mismatch between the ZnSe and the GaAs
epilayers, and the sense of the shift agrees with the normal lattice constant
value given in Figure 3.7. As the strain is relieved for thicker films and the
in-plane lattice constant of the ZnSe approaches the bulk value, the n=1
exciton shifts to lower energies. For film thicknesses greater than 1pm, the
free exciton appears at energies below its ZnSe (bulk) value.

The feature at 2.7997eV is attributed to a neutral donor bound
exciton. According to Yao [31], the relative strength of this feature known
as the I, line increases with increasing layer thickness and eventually
dofninates over the entire spectrum. Like the free exciton, the I, line shifts
to lower energies for thicker films. It appears at 2.7984eV in a 2800A thick
ZnSe layer (31].

The origin of the high energy peak can be twofold, either the n=2 free
exciton or n=1 free exciton to valence band transition. Because of the
strain on the lattice in the pseudomorphic film, the heavy-hole (hh) and
light-hole (lh) valence bands separate and allow for transitions to both
bands (the uniaxial strain component causes the splitting of the Ih and hh
bands) [32]. The 11.4meV difference between the two high energy peaks is in
the range for both the n=2 to hh and n=1 to lh transitions. The relative
amphtudes of the two features at 77°K as well as the comparable oscillator
strengths revealed in modulated reflectance spectra [12] appear more
consistent with the oscillator strength for light and heavy hole transitions
than the n=2 excited exciton state. Theoretical strain calculations based
on this premise (n=1 to lh rather than n=2 to hh) support this result and
have recently been reported [33]. It should be noted that in 1.0um ZnSe, the
high energy feature is 15meV higher than the n=1 free exciton at a bulk
value of 2.802eV and in this case represents the n=2 excited state to
heavy-hole transition [31].

In summary, the PL data support the pseudomorphic nature of the
10004 ZnSe/GaAs(epi) heterostructure where the lattice mismatch between
the layers causes changes in the energy band structure of the ZnSe. A shift
in the excitonic features by 4.4meV to higher 'energies is observed. More

interesiing is the presence of a n=1 to light hole transition which is not
normally observed in PL spectra of thick ZnSe.
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CHAPTER 4
DEVICE FABRICATION

4.1 Layout and Design

Three photolithographic mask levels are used to fabrlcate the doped
channel metal/ZnSe/n GaAs field-effect transistors. The processing steps
are device isolation, source-drain contacts, and gate metalization. The mask
plates are designed with the computer aided- desxgn program CMASK and
fabricated on a Gyrex machine.

A composite layout of a single die appears in Figure 4.1. The die
contains eight transistors with gate lengths of 2pm, 5um, 10pm, 20pm,
45pm, 50pm, and 90um. Planar open geometry is the predominant
transistor configuration with a device width of 50ium. The contact spacings
are 20 x 20pum?, and the source-drain to gate spacing in these devices is
typically 15-20pm. The largest area device is a closed geometry box FET. In
this transistor, the drain is a 100um x 100pm square surrounded by a gate
ring of circumference 8001m. The source then surrounds the gate on three

sides.

The final three devices on each die are a test resistor, a pad for probing
source and drain contacts, and a dynamic memory (not used in this work).
The test resistor is 50,um wide with contacts separated by 30pum, 60um, and
120pm and is used for calculating series and contact resistances.

4.2 Transistor Fabrication

4.2.1 Device Isolation

The first fabrication stép is called device isolation and is required
primarily for depletion-mode transistors. (A depl-etion-rnode transistor
contains a conducting channel at OV gate voltage, whereas an
enhancement-mode transistor does not have a channel at a gate voltage of
0V.) The doped channel FETs ZOOEG320-7,9,12 are considered depletion
mode transistors ,because the top most epilayer in each of these
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heterostructures is conducting (n-GaAs). Device isolation consists of etching
the doped semiconducting layer down to the underlying semi-insulating
semiconductor to create insulating box-like mesas. The device mesas in our
material system consist of a n-type GaAs channel surrounded by semi-
insulating GaAs on the bottom, air on all four sides, and insulating ZnSe on
the top. In this configuration, the conducting carriers are confined to a
single transistor channel and must propagate underneath the gate electrode.
Without isolation, current can flow outside of the gate region through the
doped channel causing an unwanted source of drain current termed stray
conduetance. Because this current is outside of the gate region, stray
conductance limits the modulating power of the gate voltage.

(Pleaée see Appendix A for the doped channel field-effect transistor run
sheet.) |

To begin, the ZnSe/GaAs wafer (4mm x 4mm) is mounted on a silicon
wafer (dia=2in.) in a "piggyback' manner in order to facilitate the Lhandling
of the sample during subsequent processing steps. Both the silicon and
ZnSe/GaAs wafers are degreased according to Table 2. After a thorough
degrease, the Si wafer is etched in 1:1 HQSO4 : HyO, for ten minutes to
ensure cleanliness. The Si wafer is then rinsed in deionized (D.I.) H,O and
dried in a 120°C oven. The MIS sample is also rinsed in H,O but dryed
with nitrogen (N,) gas. When dry, the sample is mounted on the Si wafer
using AZ1350J-SF positive photoresist (PR). The PR is hardened by heating
the sample at 120° C for 15 minutes. PR is preferred as a mounting "glue"
over black wax and indium because black wax evaporates under heat
treatment and indium is etched by the photoresist developer.

After mounting, positive photoresist is applied to the top of the sample
with a photoresist spinner. Positive photoresist is used at all times during
the device fabrication and is always applied with a spin speed and time of
5000 r.p.m. and 60 sec., respectively. At these settings, a very uniform PR
1pum thick film is deposited. Because small samples are used in this work,
spin speeds  below 5000 r.p.m. result in thick photoresist at the sample
edges. Structures defined under the thick PR will not develop properly. In
the isolation procedure, the PR is prebaked at 90°C for 10 min. prior to
alignment and exposure.

- A Kasper mask aligner is used with the photographic mask plates to
- align and expose the mesa areas. The aligner uses ultraviolet (UV) radiation
to expose the light sensitive PR while the sample is in intimate contact with
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the patterning mask. With positive PR, areas of exposure become weak and
are etched away by the developer. The sample is aligned with translation
stages while viewing with a built in microscope. After bringing the sample .
" in contact with the mask, the PR is exposed for 13.0 units (= 1min.; 30sec).
The aligner has a radiation integrator that calculates the total exposure
that the PR receives. As the UV radiation intensity decreases due to aging
of the bulb, the exposure time is automatically increased to maintain the

same ammount of total exposure.

The exposed sample is developed in 1:1 H,O : AZ developer for 30-45
seconds. With proper exposure, the PR should be fully developed after 45
seconds. The sample is rinsed for 2 min. in D.I. HyO, dried and then
inspected under the microscope. If necessary, the PR can be developed
again, although the effectiveness of the developer diminishes after the first
immersion. The developed PR is hardbaked at 120° C for 10min.

The sample is now etched using two separate etches, one for the ZnSe
and a second for the GaAs. The ZnSe is selectively etched at a calibrated
etch rate of 1004 /sec with 400ml D.1I. HyO : 4ml HNOj : 0.2g K,CryO4. The
ZnSe layef is typically removed in 10-13 minutes. The fresh GaAs appears
clear under a microscope. The success of the ZnSe etch depends on the
cleanliness of the beakers and agitation of the sample during the etching
process. (The beakers are cleaned with aqua- regia.) The GaAs is removed
with 400ml D.I. Hy0 : 12ml H3PO, : 3ml Hy0, that has a calibrated etch
rate of 380-4004 /rnln The GaAs is stripped at least 1000A beyond the end
of the doped channel.

The device isolation is completed by removing the PR with acetone. A
schematic of the isolated transistor structure appears in Figure 4.2. The
mesas appear as light green against the crearn4gray color of the GaAs
(naked eye) After rinsing in acetone the sample is rinsed in methanol, H,O
and dried w1th N, gas. '

2.2 Source-Drain Ohmic Contacts

The second processing level for the depletion mode FETs is defining
source and drain contacts to the n-GaAs epilayer. After patterning, contact
openings are etched in the ZnSe followed by an evaporation of a gold-
~ germanium (Au/Ge) alloy (88% Au to 12% Ge). The metals are

coevaporated on top of both the GaAs epilayer and protective PR. The PR
s then removed with acetone which in turn lifts the Au/Ge off the entire
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Figure 4.2. Schematic diagram of the MISFET after device isolation.
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device except for the contact regions. This method for defining metals is
known as a photoresist liftoff procedure.

4

The sample is then heated (anncaled) causing the alloy metal to melt.
The Ge atoms diffuse into the GaAs and replace some of the underlying Ga
atoms. As a result, the source-drain n-GaAs becomes heavily doped n-type
because Ge is a type IV element with four valence electrons and Ga is a
type 11l element with only ;thrée valence electrons. The depletion width for
 the n+ GaAs/Au metal is small and hence permits quantum mechanical
tunneling of carriers in both voltage directions; the Ge doping of the GaAs
thus is a significant factor in forming ohmic contacts to n-GaAs in a field-
eflfect transistor.

To begin the second level of processing, positive photoresist is applied to
the sample using the PR spinner. After PR application, the sample is
prebaked at 70° C for 10min. In a liftoff procedure, the sample should never
be heated above 70°C. The sample is aligned in the Kasper aligner and
exposed for 17.0 units (2.5min.).

The most critical step'in the liftoff procedure is developing the
photoresist. = The sample is first soaked in xylene or chlorobenzene for 3
minutes. The xylene soak hardens the upper part of the PR. When the
sample is developed (1:1 for 30 sec.), the PR near the sample etches faster
than the hardened PR at the top which leaves a PR lip, Figure 4.3. During
the liftoff of the metal alloy, the photoresist lip allows the acetone to
penetrate the PR underneath the overlying metal. From Figure 4.3, it is
obvious that the metal thickness can not exceed the PR thickness.

After patterning, the ZnSe is etched down to the n-GaAs as in the
isolation procedure.. The same ZnSe etch is used with a similar etch
duration. The cleanliness of the etch is very important at this stage because
resid"ues left on the n-GaAs surface inhibit the diffusion of the Ge into the
GaAs. The contact squares appear clear when properly etched. Prior to
loading into the metal evaporator, the wafer is dipped in dilute ammonia
hydroxide 400ml H,O : 40ml NH,OH for 40 sec. in order to strip residual
GaAs oxides on the n-GaAs surface. The sample is quickly rin‘sed, dried and
loaded into the metal evaporation system. Once the sample is etched, the .
wafer should be placed into the evaporator within five minutes in order to
limit exposure of the n-GaAs epilayer surface to the air.

The Au/Gé alloy is evaporated in a NRC vacuum system. The NRC is
pumped with a diffusion-mechanical pump system and can maintain a



50

Metal

|

Photoresist ‘Photoresist-
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Figure 4.3. Illustration of the undercut photoresist in a liftoff procedure.
After evaporation of the contact metal, the photoresist is
removed and subsequently "lifts" the metal away from the
protected semiconductor. ‘ ’
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vacuum of 5x10~7 Torr. Three metallic pellets consisting of 88%Au-127%Ge
are the source material and provide a 3000A thick metallic layer when fully
evaporated. The pclletsv are loaded into a titanium (Ti) boat that rests
between two metal electrodes. The sample is placed vertically above the
pellets with the exposed GaAs facing the metal. The entire system is housed
in a glass bell jar. - The metal is melted and evaporated by resistive heating
(5V,6A) where the vgo]d evaporates first followed by the germanium. When
properly performed, the Ti boat should be completely empty at the end of
the evaporation.

After deposition of the metal alloy, the Au/Ge is lifted off by rinsing in
acetone. The liftoff can be enhanced by lightly squirting the sample with
acetone. If the PR does notl come off, the PR can be removed by one of the
following steps; boiling and ultrasonic cleaning in acetone or lightly brushing
with a cotton swab dipped in acetone. (These steps are not a preferred
means for removing photoresist because they tend to damage the waler.)

Immediately following the liftofl, the metal is heated at 450°C for 90
sec. in a Marshall oven. The sample is loaded on a hot quartz boat and
placed in the center of the oven. The 90 sec. period begins when the boat
reaches the center of the oven. The sbar'nple is annealed in the presence of
flowing niergén gas. After 90sec., the sample is removed and inspected
under the microscope. The Au/Ge metal appears bright gold in color and
smooth in texture under the microscope. prior to hea‘roing but looks dark
brown, bubbly and balled up after the anneal is complete. If the metal does
not look rough, then the Ge did not diffuse into the GaAs. The diffusion
process can be‘ inhibited if either the composition of the two metals on the
GaAs is not 88%Au 1o 12%Ge and-or there is some type of thin residual film
between the metal and the n-GaAs. A

‘ Anneal of the Au/Ge alloy metal is commonly performed in a
temperature range of 356- 450° C [34]. The parameters 450°C and 90sec.
were chosen based on successful ohmic contact research at Purdue. The
balling up effect of the gold tended to increase with longer anneal times.
The balling up effect can be reduced by including a layer of nickel with the
Au and Ge. Nickel will also helpb the Ge atoms to diffuse into the n-GaAs
and is used in industrial GaAs applications to achieve ohmic contacts with
very low contact resistances [35]. (Céntact resistance is further discussed in
section 5.2.1.) ' '
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A cross section of the MIS device after ohmic contact alloy appears in
Figure 4.4. The ohmic contacts are tested by electrical probing. For
improper diffusion of the Ge metal, the I-V curve as illustrated in Figure
4.5(a) is characteristic of two back-to-back Schottky diodes. No matter
what source-drain voltage is applied, one of the two Schottky diodes is
always reversed biased. Current will flow between the contacts when the
reversed biased diode breaks down: due to avalanche multiplication. Because
avalanche breakdown (discussed in section 5.2.3) is inversely related to
background doping, a higher breakdown voltage means that less Ge has
been incorporated into the n-GaAs. As more Ge dopes the source-drain
regions, current flows at a smaller drain-source voltage. Eventually, the
depletion width in the n-GaAs becomes small enough that quantum
mechanical tunneling dominates over thermionic emission and current flows
in both voltage directions even for very small voltages. ' ‘

4.2.3 Top Metal

The final processing step is to pattern aluminum as the gate metal of
the transistor. The aluminum (Al) is defined in the same fashion as the
Au/Ge using a PR liftoff procedure. The top metal not only serves as the
gate but also contacts the source-drain gold metal and branches off into
bigger pads that are used for ultrasonic bonding. Aluminum is preferred as
the top metal because it is easier to bond to Al than to Au.

The top metal liftoff procedure is identical to the source-drain
metalization. After exposure and development of the PR, the sample is
loaded into the NRC system with aluminum source material. Five aluminum
~bars, 0.062in. in dia. and approximately lin. long, are inserted into a
tungsten filament. The filament is place between two electrodes, and the
sample is again suspended above the metal. The evaporation takes place at
a background pressure of 5x1077 Torr. The aluminum is melted with a 10V
power Supply at a current of 6A in approximatley 2-3 min.

After the evaporation, the PR is lifted off by squirting with acetone as
mentioned before. With 5 bars of aluminum, the top metal is approximately
3000-5000A thick, and hence the Al liftoff is harder than the Au/Ge. The
finished device as illustrated in Figure 4.6 is mounted in a 24 pin dual-
inline-package (DIP) with indium solder. The pads are connected to the DIP

by ultrasonic bonding with aluminum wire.
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Figure 4.4. Schematic dia'gram' of thé-MISFETV after Au/Ge evaporation,
liftoff and anneal. -
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‘Figure 4.5. IV relationship (a) for an 1mpr0perly alloyed ohmic contact.

- . The source-drain contacts (b) appear as two diodes (c) in
~ series. Current flows when the reverse biased diode breaks
= down due to avalanche multlphcatlon o
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Figure 4.6.  Schematic diagram of the completed ZnSe/n-GaAs depletion
mode field-effect transistor.
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CHAPTER 5 .
ELECTRICAL CHARACTERIZATION

In this chapter, we present the electrical characterlstlcs of the ZnSe/n-
GaAs heterostructure The current-voltage (IV) and capacitance-voltage
(CV) relationships for an MIS-capacitor are briefly examined. Second, the
transistor characteristics of a n- channel depletion-mode device are given.
The MISFET evaluation is divided into three sections, a study of long
channel devices, short channel devices, and the gate region.

5.1 ZnS'e/n-GaAs Capacitor

This section is:a summary of the experimentation carried ,_o.ut-by_Da'Ve
Munich on the electrical characterization of the ZnSe/GaAs(ep'i) capzicitor
It is included for completeness and to properly orient the reader relative to
the MIS properties: of the field-effect transistors glven later. The reader is
referred to reference 36 for addltlonal details.

The MIS capacitor consists of an aluminum gate on top of a
ZnSe/GaAs (epi) heterostructure, Figure 5.1. The gate metal is defined by a
photoresist liftofl procedure similar to the process described in section 4.2.3.
The GaAs epilayer-is doped either n or p type throughout the entire MBE
grown structure including the GaAs substrate. Ohmic contact is made to
the GaAs substrate with indium solder. The capacitance of the
heterostructure is measured using a Hewlett Packard LCR bridge which
evaluates the rate of change of charge with respect to a small A.C. voltage
applled to the capacitor, C=dQ/dV. The A.C. voltage (15mV RMS and
1IMHz for example) is superlmposed on a D.C. voltage that is swept at a very
slow rate from one gate bias level to another resulting in a continuous plot
of the differential MIS capacitance versus the gate voltage. v

The capacitance versus gate potential at 77°K of ZO00EG320-4
(Np=1x10""cm™®) is shown in Figure 5.2.
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h-GaAs substrate

Figure 5.1.  Schematic d‘iag"ram_of the ZnSe/n-GaAs MIS capacitor.
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".iFiv_g.ure 5:2. Capac1tance versus voltage plot for the MIS capa,c1tor in the

‘ dark at 77°K. The D.C. sweep rate is 5()0mV/sec and the
o samphng frequency is 1MHz , _ ,
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- This curve was taken at a sampling frequency of 1IMHz, a D.C. éweep rate
of 500mV/sec, and  with no initial illumination. The- C-V plot shows
capacitance decreasing with negatively increasing Vg which is typical of a
~MIS:C in depletlon and deep depletion. The gate capacitance in depletion is
given by the series combination of the insulator capacitance (C,) and the
semiconductor capacitance (Cg). The measured capacitance is related to the
two series capacitances by equation 5.1. Equations 5.2-5.6 also define
quantities pertinent to the MIS-C. 'Equations 5.2 and 5.3, for example are
the oxide and semiconductor capaCItances respectively. -Equations 5.4 and
5.5 relate the semiconductor surface potential to the ideal apphed gate
- voltage and equation 5.6 relates this same surface potential to the depletion
width in the semiconductor. The reader is referred to reference 37 for an
excellent overview of MIS capacitors and field-effect devices. '

C.C

Cpm— - (51

: Koe,A S : .

C. = : h . 5.2

— | e

- K €A , . , , '(5 '3)
Twve) '

V=N : )

qNDKsEo
=T gr (5-5)
1/2
- QKSEOd)s / . (5 6)
aNp |

The parameter definitions are summarized in Table 3.
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Table 3. Parameter definitions for MIS devices. The values pertain to
the n-channel FET described in section 5.2.

Symbol Definition | Value
C, K€ /%o 7.97x10"°F /cm?
C, K,/ W _
K, ZnSe dielectric constant 8.8
K, GaAs dielectric constant 12.95
X, Insulator thickness 1000A
x(’) ' Kxo /K, - - 1,5774
w GaAs Depletion Width »
€ Permittivity 8.854x107"F /cm?
q Electron charge 1.6x1071°C
n; . intrinsic conc. (GaAs) 1.79x10%m™*
kT/q 0.259¢V (300K)
¢y Surface Potential
Np Donor Density 1.5x10"%em ™3
¥y Electron Mobility 40,00cm2/Vsec
z Gate Width 50.0/m
L Gate Length 90.0/45.0,um
Channel thickness 40004
Emn Transconductance
vy GaAs- sat. velocity - 1.2X107cm/sec
Vv, - aNpK,e,/CS |
v, - -qKe,Np /2C2 -0.22V
Vé Ideal Gate Voltage
Vg Flatband V_olfage 0.348V
Vo Drain Voltage
Vg Threshhold Voltage
Vp - Pinchoff Voltage
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Under equilibrium conditions, the maximum depletion width occurs
when the surface potential ¢, is approximately equal to 2¢; where ES
(kT /q)In(Np/n;). At a surface potential of 2¢; the GaAs semiconductor is
said to be at the onset of inversion where the semiconductor polarity type
eflectively reverts to the opposite type. In this case, the n-GaAs would begin
to look p-type at the ZnSe/GaAs(epi) interface. The voltage at which the
GaAs semiconductor reaches the onset of inversion is called the threshhold
voltage (Vr), and for Vel > :VT:, the depletion region W is theoretically

fixed at a maximum value Wy given by equation 5.7.
9K e 26 |7

o~ (5.7)

T:

Using equations 5.1 - 5.6, a threshhold voltage of -4.0V is calculated for
the capacitor in Figure 5.2. Notice, however, that Cg continues to decrease
beyond Vp which indicates that the depletion region in the n-GaAs is still
increasing. (For a fixed oxide capacitance, a continually decreasing gate
capacitance indicates that the semiconductor capacitance is decreasing.
From equation 5.3, it is apparent that for C; to decrease W must increase.)
This C-V characteristic suggests that the capacitor is in deep depletion
where W is greater than Wq. Deep depletion occurs in a MIS/MOS
capacitor when either the sweep rate of the D.C. voltage is greater than the
generation rate of the minority carriers and-or the minority carriers, holes in
this case, leak away from the insulator/semiconductor interface faster than
they are generated. The ZnSe/GaAs capacitors go into deep depletion in
this manner at both 77 °K and rcom temperature.

The low temperature C-V characteristic (Figure 5.2) is identical in
shape to the characteristic of a conventional MIS capacitor but can also be
'interpréted as a heterostructure containing a very high concentration of
interfacial traps at the insulator/semiconductor interface. Experimentation
~ with charge coupled devices has shown that positive charge at the ZnSe/n-
GaAs interface is not mobile which gives evidence that the ZnSe/GaAs(epi)
heterostructure does have a high concentration of surface states. The C-V
profile in Figure 5.2 can thus be explained as follows. The gate capacitance
begins at point 1 with Vg equal to OV and the capacitor sitting in the dark.
Next, the curve is swept into reverse bias 1 -> 2 where the depletion width
e_xéeeds W, At gate voltage 2, the capacitor is illuminated with a bright
microscope light causing Cg to rise toward C,. Photogenerated holes drift
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to the interface, allowing trapped electrons to recombine. The reduction in
trapped electrons causes the depletion width in the n-GaAs to shrink
towards the value it had at OV and hence Cg also approaches its OV value.

Now the llght is turned off and the gate voltage is swept towards OV
resulting in a "linear-sweep" tyipe of characteristic, 4 ->> 5. As the negative
charge on the Al gate is reduced the empty interface traps begin to capture.
electrons from the n-GaAs. ‘Arriving at OV, the charge nature of the
1nterface is the same as at pom‘t 1, and the C-V cycle can be repeated.

Further evidence for the [‘)resence of surface states at the ZnSe/Ga.As
interface is observed in se\qeral capacitor structures that display a
dispersion of the C-V curves with frequency. As the frequency of the small
signal A.C. voltage is reduced, 'the measured capacitanée Cg rises near zero
bias. This capacitance dispersjion is caused by surface states responding to
the low frequency A.C. Vol‘tageE and is observed in GaAs devices that have a

high level of interface states [6].

The gate voltage bias range over Wthh the MIS C can be measured is
quite limited, as indicated in ‘the C-V characteristic. The current- voltage
characteristic is plotted in Flgqre 5.3 showing an operating voltage range of
0V to -6.0V. The I-V data is tfajtken- on a HP4140B picoammeter in the dark
at 77°K. The gate voltage polarity is similar to the capacitance
measurement with the gate electrode positive‘ with respéct to the ohmic
contact. The current charact‘erlstlc is similar in shape to the rectifying
behavior usually observed in a Inetal semiconductor Schottky barrier.

The reverse bias current appears to originate from thermionic emission
of electrons over the ZnSe/GaAs conduction band barrier. The current
increases slightly from 0V to -6.0V indicating a lowering of the energy
barrier with increasingly neg‘;ative gate bias. At -6.0V the GaAs is
apparently breaking down due to avalanche multiplication or impaét
ionization. As is expected fo}r a semiconductor heterostructure, there is
substantial electrical current flowing through the gate electrode for positive
gate voltages. As discussed l‘n reference 36, the forward bias current is
thought to be dominated by elcctrons tunneling through the ZnSe as aided
by the surface states. Considerable interface charge may cause the ZnSe
conduction band to be sharply bent under forward bias permitting quantum
mechanical tunneling of electrons. Obviously, the large forward bias current
at OV is not desired and has not allowed the operation of the MIS

capacitors in the accumulation region.
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Figure 5.3. Current-voltage relationship for the MIS capacitor at 77 K.
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5.2 ZnSe/n-GaAs Field-Effect Transistors

The following sections describe the transistor characteristics of the
doped channel field-effect transistor ZOOEG320-7 (4000A channel with
Np=1.5x10"%cm™3). The other two doped channel field-eflect transistors
were unsuccessfully fabricated. ZOOEG320-9 (15004, Np=3x107cm™)
could not be isolated because both the semi-insulating GaAs substrate and
buffer layer were conducting. Because the GaAs in ZOOEG320-12 (10004,
Np=3x10"em™> with a buried GaAs super lattice) apparently contained a
large quantity of non-stoichiometric defects, it was impossible to make ohmiec
contact to the n-type channel. The I-V relationship of the source-drain
contacts without any metal gate appeared as an open-circuit.

5.2.1 Long Channel Devices

The field-effect transistors in this work are similar to the junction field-
effect transistor (JFET), the metal oxide semiconductor field-effect transistor
(MOSFET), and the very popular metal-semiconductor field-effect transistor
(MESFET), where an electric field perpendicular to the channel modulates a
current of carriers ﬁQWing from a source to a drain. The source is the
supplier of éarriers which are electrons in these devices and is always
referenced as the grounded terminal. The drain is biased at a more positive
potential, Figure 5.4, creating the potential gradient under which electrons
propagate. The gate is the third terminal of the transistor, and the gate
voltage is also referenced with respect to the grounded source.

The gate region in the doped channel field-effect transistor consists of
an insulator sandwiched between a metal electrode and the doped channel.
‘This gate structure is similar to the silicon MOS design except that the
dielectric insulator in this case is not a native oxide of the host
semiconductor GaAs. As in all field-effect devices, the gate in this FET
modulates the carrier density (n) by an applied gate voltage V. Electrons
at the gate metal cause the depletion width in the GaAs to widen which
subsequently narrows the conducting channel and reduces Ip. For small

voltages the field-effect transistor behaves like a voltage controlled resistor.

The derivation of the current equations for the doped channel FET is
similar to the GaAs based MESFET. In this analysis, some of the gate
potential is "dropped" across the ZnSe and does not effect the electron
density in the n-GaAs. This voltage drop is taken into account in deriving
the current equations. (In the MESFET derivation, the modulating gate
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voltage .is applied through a Schottky barrier. The effect of the barrier is
taken into account by the incorporation of a built-in potential Vy; into the
current equation. In the JFET, the same built-in voltage exists, but in this
case, (Vy;) is caused by a p-n junction.) Because of the results of the MIS-C
experimentation, it can be assumed that the depletibn region under the gate
in-the ZnSe/n-GaAs FET is either in depletion .or deep depletion. This
-assumption simplifies' the analysis:';’because it is not necessary to worry about
the presence of an accumulatlon layer of electrons or an inversion layer of
holes. . '

The derivation of Iy and other parameters for the long and short
channel devices is given in appendix B with only the highlights recorded
here. The derivation begins with the well known drift current equation, eqn.
5.8. ' '

J_.=-—q/.1,n.NDéY- o 5.8
dy : :

The symbols and their corresponding values are listed in Table 3. -Here, we
are only concerned with the current flow of electrons due to an electric field
~and can ignore the diffusion of minority carriers. The current density is
assumed to be constant for any value of y. (x and y are the directions
perpendicular and parallel to the interface, respectively.) Based on this
assumption, the current is obtained by integrating the current density over
the cross- sectlonal area of the device. The double integration results in
equatlon 5.9.

Ip=Zqu,Npla—W(y)] 5.9

W(y) (eqn. 5.10)‘repi‘esents the depletion re'gioh in the GaAs at a particular
ideal gate vo'ltag.e and drain voltage V(y). The drain current derivation is
performed assuming an ideal gate voltage is appiied across the MIS region,
or in other words, that there is no initial energy band bending in the n-GaAs
due to a metal-semiconductor work functlon dlfference or charges throughout
the heterostructure. Non idealities in the MIS region are taken into account
by a ﬂatband voltage as explained later on in the text.

’ +VG—V('.Y) L 510
Vo - .

Wiy, [1—
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To simplify the 'cufrenf_equg’tioh, equation 5.10 is substituted into equation
: 5.9 and then integrated over V(y). [V(0)=0V, the voltage at the source end
~ of the gate" and V(L):Vb, the voltage at the drain end of the gate] The
~drain current for the transistor in the linear region of operation appears in

equation 5.11. o ’ o

ZquNy

Ty (Vo ks 5.11

Vp<Vg—Vp< 0

Vp is defined as the voltage at the drain end of the gate requir}ed» to cause
the ‘depletion region W(y=L) to equal the channel thickness (a). A,]though
derived for a doped channel FET in deep depletion, equation 5.11 is
remarkably -similar to the I-V relationship found for “other field-effect
transistors [37]. The primary difference in the doped channel I-V-equation is
the presence of x; and V, which both arise due to the dielectric insulator
(see Table 3). o

When VIG'_—VD is less than or equal to Vp, the conducting channel is
pinched off at the drain end of the gate and the drain current saturates and
ideally remains at a constant value for any further increase in Vpg. Ipg,¢ is

found by substituting Vg, = Vé;—Vp into equation 5.11 and simplifying.

.
ZquNp atx, | 9 |

s 3/2
- v ] i 2 .
IDsat= 1L ! (a"+xo)(VG '_VP)_'_;XOVJ) 1 -5 Xo

Vg
14—
,.+.Vo

5.12
3 .

Xo
Ve—Vp<Vp

In the saturation region, the parameter of interest is not so much the
actual value of Ipg,; but rather how Ip.,; changes with V' (the small signal
gain- of the transistor). »Th_e transconductance is found by taking the
derivative of equation 5.12 with respect to the ideal gate voltage; i.e.,
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gm:éIDsat/bVG'

v_‘ Zq,uND(a-i-x;) ) x(',

Em™— [
m- L adx,

5.13

Equations 5 11, 5.12, and 5. 13 are derived assuming that the M]S gate is
an ideal one W1th no initial band bendmg due to work functlon difference
and-or the presence of charges at the interface or throughout the
heterostructure Becausc detailed information on surface state density is not
known, the non-idealities that cause initial band bendlng in the GaAs are
taken into account by including a flatband voltage in the ideal equations.
VFB'v is determined experimentally in this work and is incorporated in the
transistor equations by replacing Vé; with V¢ - Vpp, where Vg is the actual
gate voltage applied to the device. Also, it should be noted that this
-expression for g, is only valid if the surface state occupancy does not change
svi‘gn;iﬁcantlybver’ the bias range of interest. At this pbint, we are ready to
examine the experimental curves. ‘ ’ R : '

" The Ipg versus Vpg characteristics for the 90um and 45um devices
ap,pe:ir in Figures 5.5 and 5.6, respectively. These curves were taken using a
Tektronix curve tracer with the transistor at room temperature in the dark.
The curve tracer sweeps through each trace on the display at a frequency of
60Hz. The gate voltage begins at OV and is stepped -0.5V per curve. As is
seen'in the figures, both curves show current saturation and complete cutofl
of the channel. The pinchoff voltage for both transistors is between -2.0 and
-2.5V. | | |

Flgures 5.7 and 5.8 are plots comparlng the theoretical g of equation
'_5 13 and. the experimental g, versus VGS Notice in these diagrams, -the
gate-source voltage is plotted on the x axis as a p051tlve quantity whereas
the actual Vgg is a negative nurnber The experimental points are taken
from the transistor curves at a VDS of 16/10V for the 90um/45um devices,

respectively.

Two important variables in equation 5.13 are the electron mobility and
flatband voltage. ~The mobility parameter - causes the transconductance
curve to translate in the y direction (the more moblle the carriers, the larger
gm becomes) while the flatband voltage causes a translation in the x

direction (the more positive Vpp, the less gate voltage is required to pinch off
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Room tempel;ature:'I—V revl'atioxiéhip : for 'ab ‘4.5.;{lrn MISFET in the
dark. The gate bias is' decreased by 0.5 volts per trace starting
at OV o SR
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the channel. ) The electron mobility is estimated from the background donor
density of the n type GaAs epilayer. Np is obtained from a l/C vs Vgg
plot using the formula,

2
aKs€,

~1
d(1/C*/dv

The electron mobility is estimated from a (& versus Np plot for GaAs given in
reference 38. For Np= 1-2x10'cm ™2, the observed range of mobilities in
commermally available GaAs is typically 3,200- 4500cm2/Vsec The mobility
 was estimated rather than measured due to difficulties in the experimental
measurement. Fortunately, the theoretical transconductance curve agreed
fairly  well with ~the measured transconductance using the estimated
mobility.)

The flatband voltage is calcuiated from a C-V characteristic of the gate
capacitance appearing in Figure 5.9. The gate capacitance is measured with
the Hewlett Packard LCR meter similar to the work cited in section 5.1. In
this application, the source and drain contacts are tied together for the
ohmic connection to the capacitor. The data in Figure 5.9 is taken in the
dark at room temperature with the oscillator set at 15mV RMS and a
,frequency of IMHz. The C-V curve shows depletion characteristics from
+1.0V to -2.0V and then a rapldly decreasing Cgg. At -2.0V, the depletion
region in the n-GaAs is beginning to contact the semi-insulating GaAs
buffer layer, as is also observed in’ the cutoff characteristics in the FET
curves. To calculate VFB) equations 5.1- 5.6 are first used to derive the width
of the depletion region in the n-GaAs at zero bias (970A). Next, Vg in
equation 5.10 is replaced with Vg—Vpp, Vg and V(y) are set equal to zero,
and W(y) is replaced with g70A. The ensuing solution of equation 5.13
results in a fatband voltage of 0.348V. The flatband voltage has a positive
sign indicating that the energy bands in the GaAs are already bent into
depletion at zero gate voltage. This value of Vg is understood to be a very
crude estimate because Cgg at OV 'is very dependent on both the stray
capacitance in the C-V measurement and the charge nature of the surface
states at the ZnSe/n GaAs mterface '

The other parameters in equatlon 513 are Z, L, a and x,. The channel
dimensions ‘Z and L are determined by microscope evaluatlon Because of
overetching, the channel width is Spum smaller than the mask specification,
but the gate length is the same as specified on the mask, Figure 4.1. The
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- built-in channel thickness (a) and the ZnSe thickness (x,) are estimated to
be 4000A and 10004, ’respectively, from the known MBE growth conditions.
"The ZnSe thlckness has also been confirmed from cross-sectional TEM
images. '

The theoretical. gn; calculated using these parameters as summarized
» jin_Table 3 agrees fairly well with the measured transconductance for both
- devices. Moreover, a portion of the discrepancy between the measured and-
theoretical g 's can be accounted for by the series resistance of the
transistors. Because these transistors have large source-drain to gate
spacings of 20um, much of the drain-source voltage appears outside of the
gate region. If the n-GaAs resistance is known, the intrinsic
transconductance 81'11 can be deduced from equation 5.15 [39]. '
' Em’ . : o

ey o 8
where Ry is the resistance between the gate and the source. The theoretical
transconducﬁance in equation 5.13 does not include series resistance and
therefore, should be comparéd to gr'n instead of g,. ‘

The total series re51stance of the GaAs as a functlon of channel length
is. given in Figure 5.10. This curve is found experlmentally usmg the test
resistors on the die. The ﬁgurev shows two curves, the _:max1mum and
minimum series resistance of all the resistors tested. R includes the contact
resmtance R, Whlch can be estimated from extrapolatmg Fxgure 5. 10 to L=0
and calculatmg R, from equatlon 5.16.

R,=2R 4R~ ' 5.16
R is the sheet resistance of the n-GaAs. The’—y intercept of the maximum
R, versus L plot is 650(). Hence, R_ is 325(} or in units of ohms times the
gate width, R, = 16.25(lmm. Typical values of ohmic contact resistance for
n-GaAs are 0.1-5{mm [40]. The transistors in this work frequently had poor
ohmic contacts with high contact resistances, especially for devices with
small v_contact ~dimensions. . In »several fabrication runs, only the : largest
source-drain - contact spacings showed ohmic conduction with most of the
small contacts displaying rectifying behavior similar to Figure 4.5. The
failures appeared to be caused by thin film residues left by the ZnSe
chemical etch that inhibited the diffusion of Ge during the Au-Ge alloy. In
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the final fabrication run y1eld1ng the transistors reported here, the devices
had a very clean source-drain etch which tesulted in the highest number of
'successful devices of all the fabrication attempts Hence, as is discussed in
, Chapter 4, the source-drain etch followed by the Au-Ge ‘evaporation and
alloy appear to be the most critical steps in the successful fabrication of
- field-eflect devices. Also, to minimize contact resistance (R) most GaAs

ohmic contacts are made with, layers of gold, germanium and nickel. The

o mckol,apparently helps'in the diffusion of Ge into the GaAs [35]. "The use of

Au-Ge-Ni layers for ohmic contacts is not necessary for exploratory device
fabrication as is reported here but is essential for obtalnmg the: optlmal

dev1ce performance.

" Both the long channel dev1ces have source-gate spacings of 20/tm which
were also confirmed from mlcroscope examlnatlon From Figure 5.10 a series

 resistance of 2000()is deduced which is expected for the doplng and channel

‘thlckness of the device. Figure 5.11 and 5.12 show plots of gm versus Vg for
the 90/im and 45um devices, respectively. Notice a close agreement between
theory and the corrected g, for the 90um device. As the gate length gets
smaller, the serles re31stance plays a larger role in reducing ‘the
transconductance which possibly explains the variance in the parameters for
the 45um device. Furthermore, it 1s apparent in Figure 5.13 that the
corrected transconductance does not vary smoothly with the gate voltage
-~ which possrbly implies that the surface state ‘occupancy may be changing
w1th the gate potentlal

‘Another factor that could contribute to a lowering o‘fi the
transconductance is parallel conduction in the ZnSe. A conductive insulator
contributes a component to’ the dram current that is primarily 1ndependent
of the gate potentlal The stray leakage current in the insulator diminishes
‘the modulating efTect of the gate since this current originates’ out81de of the
v n GaAs channel. -However, parallel conduction in the ZnSe is not considered
as contributing to the low transconductance, though because - resistivity
measurements of ' thick epitaxial ZnSe, grown under ‘similar conditions
(Chapter 2) have demonstrated resistivity parallel to the interface greater
than 104ﬂ-cm A 51mple calculation of I=V /R with R= pL/x W results in a
7ZnSe current of 9nA at a Vpg of 16V for the 90um device. Compared to the
zero bias saturation current of the device (180uA), the parallel conduction
current in the ZnSe appears to be negligible. - '
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5.2:2 Short Channel Devices

As the gate length in a FET decreases, the electric field across the
channel increases. Even with no metal gate, the drain current will level off
because the velocity of the carriers saturates [41]. In a short channel
tran51stor, the drain current saturates not because the channel is plnched off -
under the gate but rather because the velocity of the carriers reach a
maximum value under the high electric fields (for GaAs, v, = 2x107cm/sec
at an electric field of approximately 3500V /ecm). The gate voltage still
‘modulates the carrier density in the GaAs somewhat, but the maximum
drain current is primarily limited by the rate at whlch electrons can move
through the channel. '

‘A modified Ip versus Vpg equation describes the saturation drain
current in the limit of high electric fields. For total velocity saturation
under the gate, ‘ o

: IDsat:quZ(aﬂ_W)ND . ; 5‘.17

where vy is the saturation velocity of the electrons in the GaAs. To
calculate gy versus Vgg, Vpg,y = € L is substituted into the equation for
W and the derivative with respect to VGS in eq. 5.17 is again performed

resulting in equation 5.18.

—1/2
VGS_VFB—VDsat /

14—
—f-: v,

gn=VZC, 5.18

Th_e transconductance for an inversion channel MOSFET under velocity
sat‘uration is given by v,ZC, which is _essentia]~ly the same as the
transconductance given in equation 5.18. The square root term remains very
close to one because Vp,, is a relatively small voltage in the velocity
saturated transistor. H‘enrce, the veloci‘ty'saturated transistor shows -an
-almost constant g and will display a family of I-V curves that are evenly
spaced. v

‘ Equatibns 5.17 and 5.18 are applicable to a transistor with total
velocity saturation under the gate which is not the case for the transistors
fabricated in our laboratory. (Most researchers consider the above equations »
valid for gate lengths less than 2um or less [41]. The smallest gate length in
this work is 2uum.) This assumption gives a rough estimation, though, of the
behavior of g, in the presence of high electric fields and helps in
distinguishing the difference between long and short channel devices.
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The ID versus Vpg curves for the 20pum, 5um, and 2pm devices appear
in l‘lguree 5.13, 5.14, and 5. 15, respectwely Notice that in each device, the
change in lp for various gate potentials is almost the same from curve to
curve. One would not expect the 20um dev1ce to be veloc1ty saturated;

may exhlblt constant g, characterlst1cs because of current crowding at the
drain. The OV g, for the 20im and 5/lm devices are 6.0mS /mm and
6.7mS /mm, respectively. The intrinsic transconductance, corrected for series
re51stance for the 5um gate length device, is 16. 7mS/mm In the smaller
devices, the source-to-gate spacing is two to three times larger than the gate
length and hence can dramatlcally effect the intrinsic transconductance. By

changing R, in equation 5.15, gm can be varied considerably. In future small
' ch’anneldevices the gate to source-drain spacings should be minimized in
order to better characterize the gain of the ZnSe‘/n-GaAs transistor.

A plot of gm vs Vg for the 2um device appears in Figure 5.16. The two -
dashed curves represent the theoretical plot of gm versus Vgg usmg the long'
‘channel approximation (top) and the velocity saturation model (bottom).
Notice that the two theoretical curves intersect, showmg that the transistor
operates in both modes depending on the gate biases. The exper1mentalv
points do not display a smooth variation and poss1bly indicate again that
vcharge trapping in the heterostructure may affect the transconductance.

5.2.3 MIS Interface and Gate Cons1deratlons ‘

Some of the most important information concerning the operatlon of a
ﬁeld effect transistor may be found by studying the electrical character1st1cs
of the gate region. The parameters of interest are the structure of the
~energy bands in the heterostructure (EC, Ey, and EF) the current
conduction 1n the gate region, the breakdown of the heterostructure under
high electric’ ﬁelds and the nature of charge trappmg throughout the MIS
device. This section. discusses these characteristics by examining the
capacitance- Voltage and current-voltage proﬁles of the gate capacltor and by
v further examination of the FET curves.

CAsi in the MIS-C experlments in sectron 5.1 and detalled in reference 36,
the gate of the field-effect tran51stor may be treated as a capac1tor and the
correspondlng C-V and I-V characteristics may give information about the
structure of the energy bands in the n-GaAs. Figure 5.9 is typical of the
gate capacitauce.for the ZnSe/n-GaAs FETs. From the 0V capacitance
measurement, an initial depletion width in the n-GaAs of 9704 is calculated



Flgure 5.13. Room temperature v relatlonshlp for a Box FET with a gate
length of 20um. The gate bias is decreased by 0.5 volts per

RS trace starting at OV .







Figure,‘5.15.“ Roomvteinperature I-V relationship for a 2um devicé, The gate
o - ' bias is decreased by 0.5 volts per trace starting at 1.0V.
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in section 5.2.1. Using equation 5.6, the pbsition of the surface 'potent‘ial' at
the ZnSe/n;GaAs interface is determined to be 0.1V. (As ba‘reminder,- the
surface potential q¢y is the value of the intrinsic energy level at the interface
with respect to the value of the intrinsic energy level in the bulk of the
GaAs. In effect, q¢)s represents how much the energy bands are bent at the
insulator-semiconductor interface.)

As the capacitor is swept by a negative gate voltage, the _ehe_rgy bands
in the n-GaAs are bent until q?/) is al least equal to two times q¢y (section
5.1). 2qg/>f is used as the final position of the surface potential for
comparison reasons. As soon as the capacitor goes into deep depletion (q
> 2qdy), the device is no longer in equilibrium and the Fermi level moves
upward in the GaAs band gap at the interface. We want to compare the
beginning and ending q¢; values with respect to the same stationary Fermi
level and therefore must evaluate the MIS-capacitor in equ1]1br1um The
value of 2¢; for this device is calculated to be approximately 1 1V.
Subtracting the initial and final values of q¢, indicates that the surface
potential and correspondingly the conbd»uction and valence bands are bent
by approximately 1V during the sweeping of the gate voltage. o

The above calculations indicate that the surface potential is modulated
over most of the GaAs band gap during the operation of the device. This
calculation is a preliminary evaluation and should be considered in this
regard. The initial and final positions of the surface potential are suspect to
the accuracy of the capacitance measurement. A field-effect transistor is
not designed to be studied as a MIS-capacitor. The equivalent model for
~ this measurement is actually the two capacitors of the heterostructure in
series with a voltage controlled resistance. Since the LCR bridge measures
the total imp.edancé and reports the imaginary part as the capacitance, the
changing series resistance will affect the C-V curve. As is evident in 'I_?ig_u:re
5.9, the depletion part of the curve does not look like a typical capacit;or_':i-n
depletion, and this distortion may be explained by the varying series
resistance. Nontheless, the capacitance-voltage and  transistor
~characteristics both suggest that the Fermi level at the ZnSe/n-GaAs
interface can be modulated over the middle portion of the GaAs band gap
[13] which is a very encouraging result. ’ .

The second gate parameter of concern is the flow of current through the
heterostructure for different gate voltages. The current-voltage curve of the
gate region for the 45um device (AG:2.25x10_5cm2) appears in Figure 5.17.
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This curve is taken in the dark -at room temperature using the Hewlett
Packard - picoafnmeter. Jp represents the forward bias current and Jp
represents current observed under negative Voltageewhic}i. is the Voltage
‘range of interest in the doped channel transistor. Tigure 5.17 shows that the
reverse bias gate current is less than or equal to 3nA for the operating
voltage of the transistor suggesting that gate leakage in these devices is
minimal: As is expected in a semiconductor heterostructure, the gate carries
substantial current in forward bias. The turn on voltage for 'the devices
reported here are typically between 0.5V to 1.75V. The variance in the turn
on voltage and the nature of the forward bias current is not well understood
and the reader is referred to reference 36 for a more in-depth discussion.

Another 1mportant gate parameter in a ﬁeld effect tran51stor is the
‘reverse bias voltage across the gate-drain region that causes substantial
current to flow from the gate to the drain. This phenomenon known as the
gate drain breakdown is characterizedb by a voltage Vgppg and is similar to
the reverse bias breakdown of a p-n junction under high electric fields called
avalanche multiplication. In the gate breakdown of the tran51stor, the
electric field in the n-GaAs at the drain end of the gate becomes very large
(KV /em) under the combined influence of the negative gate voltage and the
positive drain voltage Electrons entering from the gate (the 3nA leakage
current, perhaps) are accelerated by the high electric field and gain kmetlc
energy greater than the energy of the band gap. When these "high energy
electrons scatter W1tl the atoms in the n-GaAs, bound electrons in the
atoms are knocked free and are consequently added to the current. The
gate current rises quickly as more and more electrons collide with atoms
releasing free electrons, hence multiplying the current from the gate to the
drain: Lo ‘ - o
The gate-drain brcal\down voltage is important because it determines

the maximum voltage- t,hat can be applied to the transistor and, ultlmately,
the maximum output power of the device (P = IV). The concern in field-
effect transistor design is how to maximize this output power. Two
possibilities exist; increase the channel conduction and-or increase the gate-
drain breakdown. The easiest parameter to change is to increase the
channel conduction. In MESFET technology, however, both theoretical
analysis [42] and device experimentation [43] have shown that the
breakdown voltage is inversely proportional to the product of the doping
level (Np) and the active layer thickness (a), i.e. the channel conduction
(Npa). Hence, a dilemma exists when trying to increase the power. The
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current may be increased by increasing Np or a but these changes in turn

lower Vppr-  The output power, as a result, increases very little.

The second alternative is to increase the gate-drain breakdown which
can be done by using an insulating dielectric between the semi.conduc'tor'and
the gate electrode. Because electric field ~decreases . with distance, by
moving the gate charge farther away from the charge in the GaAs channel
(Np), the electric field at a given operating voltage can be reduced. The
same channel conduction can be maintained while increasing Vgppg, hence
mcreasmg the power. For very good insulators as is the case in the silicon
' MOS transistor, the improvement in breakdown voltage is so significant that
the channel conduction can also be increased which further increases the
‘output power of the device.

'lhe gate-drain breakdown voltages for six different transistors appear'
in Table 4. The breakdown voltage is measured in the dark at room
temperature except for the 2um device which was measured at 77 °K. The
breakdown voltage is determined by first biasing the transistor with a
complete I-V family of curves. Next, the drain to source voltage is increased
until the bottom curve begins to carry a substantial amount of current (the
breakdown is usually very sudden with the bottom trace breaking down
first). The gate-drain breakdown voltage is then equal to Vgp=Vps—Vgs-
Since Vpg > 0 and Vgg < 0, the voltage across the gate-drain region is the
positive sum of the absolute values of the pinchoff voltage and Vpg at
breakdown. (In ths device, it is simply Vps plus at least 2. 0V.) '

As is seen in Table 5, the breakdown voltages range from 30;42V at
‘room temperature. Except for the 45um devicé, the breakdown voltages
tend to decrease as the gate width decreases. As the dimensions between
the gate and dram shrink, the electric field increases for the same gate
potential. ‘ '

The gate-drain breakdown voltages seem very high, but when compared
with a theoretical curve of Vgg vs Ny for a one-sided abrupt p-n junction,
VGDBR seems reasonable. The reverse bias voltage in a p-n junction for
avalanche breakdown is approximately 40-50V for Np = 1.5-2x10'cm 3
[41].

Because the channel conduction in the transistor reported in this work
is very small, it is difficult to compare these breakdown voltages torthe
breakdown voltages reported for GaAs transistors that use ~other insulators.

For example, (Al,Ga As/GaAs has demonstrated a gate-drain breakdown of



90

Table 4. Gate to drain breakdown voltages for various gate lengths.

Gate Length (um)  Vygrep

90 . 35
45 42
20 35
10 32

5 30

2 25
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19-20V with Np=3.5x10""cm™® at a channel width of 2000A [9]. In this
work, the channel was ‘highly doped in order to maximize the output power
through both an increase in channel conduction and Vgppg- MESFET
research has also produced experimental data for GaAs transistors. For
channel conduction of 7x10'%cm™* (Npa) typical breakdown voltages are 8-
15V [43]. (The Npa product gives a channel conduction assuming that the
doping is uniform throughout the channel. This assumption is rarely the
case, and as a result the Npa formula-is only meant as an approxima'tion in.
order to give a means of comparing different field-effect tran31stors To
“calculate the channel conduction exactly, the donor density proﬁle ND( ) is
integrated over the channel length.) Compared to the transistor in reference
9 where NDa is approximately the same, the gate-to-drain breakdown
voltage has apparently improved with the use of the (Al,Ga)As as a GaAs
“insulator”. The Npa product for ZOOEG320-7 is 6x10''em™® which is over
ten times less than the conduction in the (Al,Ga)As/GaAs transistor and is
also too low to compare with the work in reference 43.

The final consideration of the electrical properties of the ZnSe/n GaAs
heterostructure is a discussion of the looping observed in the FET
characteristics. Both the small and large channel devices exhibit looping in
the Iy, versus Vpg curves indicating the presence of some charge trapping.
The hysteresis occurs because the occupancy of charge storin‘g_traps cha,ngeS
during the operation of the device. For example, suppose electrons in traps
somewhere in the heterostructure recombine as the transistor is swept from
OV out past Vp. When the drain voltage is reduced towards OV, the
reduction in negatlve charge causes the depletion width in the n-GaAs to
widen increasing the drain current for the same Vpg and Vs

“The source of charge trapping in .the ZnSe/n-GaAs heterostructure is
relatively unknown at this point of experimentation. One would first suspect
the ZnSe/n—GaAs interface because the fabrication of this heterostructure
involves an interrupted growth and we did observe an oxygen peak on the
n-GaAs epilayer surface. Also, the MIS-C work has some evidence
supporting the presence of surface states at the ZnSe /n-GaAs interface.
However, the n-GaAs/S.]. GaAs interface as well as the GaAs and ZnSe
layers themselves should also be considered as sources of traps. There were
substantial GaAs growth difficulties during the production of these films, as
is evident from the unsuccessful fabrication of the other two depletion mode
devices because of problems with the GaAs. The details of charge trapping;i's
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not well understood at this time but a few of its characteristics with regards
to the doped channel FETs can be noted. '

As is expected, when the transistor is swept at a higher frequency the
looping in the 1-V curves disappears. For sampling rates above 60Hz (the
normal sweep rate of the curve tracer is 60Hz with the next setting being
120Hz), the loeping is not present. The surface states apparently can not fill
or empty at high frequencies as is also observed in the MIS-capacitor work.
I-V looping is rarely discussed in the literature because many FETs are
operated in the MHz frequency range where the charge trapping is not a
consideration. The ZIj]Se/n-GaAs doped channel FETs could also work very
well in microwave appflications where the frequency of the A.C. signal is high
enough to keep the occupancy of the traps fixed. ‘

‘When the heterostructure is cooled to 77 K, the looplng is not present
in the dark. Figure 5.18 shows the FET curve for the 2/um device at 77 ° K
in the dark. The I-V display shows no looping suggesting that the traps are
frozen out at 77°K. For low temperatures in the dark, the trapped
electrons do not have enough energy to escape the states and no photo or
tvhei'ma‘l‘ly generated holes to recombine with in order to neutralize their
charge. If light is now applied to the sample, Figure 5.19, the looping again
appears. Holes are now present for the trapped electrons to capture,
changing the chargeicontent of the heterostructure. Also, the spacing
between the I-V curves is reduced suggesting that some of the gate voltage is
now being terminated on holes at the interface rather than positive donors
in the channel and hence, reducing the transconductance.

The characterizétion of the electrical nature of the ZnSe/GaAs
interface is in its infancy. The results of the doped channel field-effect
transistors are very éncouraging showing modulation of the Fermi level at
the interface for both:; long and short channel devices. Although looping is
present in the I-V curves, it is not anymore prevalant than looping seen in
other GaAs based transistors [44] and hopefully, with improved growth
techniques, the traps that are contributing to the charge storage can be
eliminated. 7
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- Figure 5.19. I—V relationship for the 2um device with illumination at 77 K.
o wwooroo 0 The gate bias is decreased by 0.5V per trace starting at OV.
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CHAPTER 6
SUMMARY AND FUTURE RESEARCH

In summary, we have demonstrated the successful growt.h and
characterization of ZnSe/GaAs(epi) heterostructures for use in MIS devices.
The structures were grown in two separate MBE machines using an
overlayer of amorphous arsenic to protect the as-grown GaAs epilayer
during transfer between the machines. After the arsenic was desorbed there
was a small amount of oxygen present at the GaAs surface. The oxygen
contamination was believed to orlglnate from the v system and not from
the transfer between the systems.

Nucleation of ZnSe on the GaAs epilayer resulted in layer-by-layer
growth, as evidenced by the evolution of the RHEED pattern. Unlike
nucleation on a GaAs substrate where the diffraction pattern remained
spotty for several minutes, the RHEED streaks recovered after only 9 sec.
for nucleation on the GaAs epilayer. The layer-by-layer growth mechanism
was confirmed by observations of intensity oscillations in the specular spot.
In one case,‘ ZnSe nucleation on the epilayer resulted in 120 infeﬁsit'y
oscillations. The nucleation of ZnSe on a GaAs substrate displayed intensity
variation similar to the InGaAs/GaAs heterostructure which is known to
grow three dimensionally. ' : |

Cross-sectional transmission electron micrographs of the IOOOA ZnSe on

GaAs(epi) revealed a  coherent, sharp interface between the two __r

semiconductors. No misfit dislocations were observed in the pseudomorphic
ZnSe film. A HREM micrograph showed an atomically flat mterface with no
interfacial defects present and is similar to the mterface seen between GaAs

and (Al,Ga)As.

Photolu_mmescence data from the pseudomorphic film revealed
information about the changes in the ZnSe energy bands caused by the
0.25% lattice mismatch. The near-band-edge excitonic features were shifted
to higher energy with the n=1 free exciton dominating the spectrum. Also,
a n=1 free exciton to light-hole transition was observed which was not
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normally seen in PL spectra of thicker ZnSe films.

Employing the 1000A ZnSe/GaAs (epi) heterostructure, MIS capa,mtors
and field-effect transistors were fabricated. The capacitors showed deep
depletion like characteristics with-an operating voltage range of 0V to -6V.
The doped-channel field-effect. transistors worked very well and
demonstrated complete current saturation and channel cutoff. The long
channel devices behaved as transistors with a constant mobility and “had
“transconductances in the range of 5-12 mS/mm. Shorter channel.dev'ices
displayed velocity saturation where the transconductance ‘was primarily
‘independent of the gate. bias. A  2um device had a maxr_mum."
transconductance of 17mS/mm. Although looping was present in the IV
characteristics, it was eliminated by sweeping the transistor at a faster
sweep rate and by cooling the sample to 77 ° K. ' '

The strength of the interrupted growth MBE procedure is the ability to
systematically control the interface and film propertles in order to reduce
the number of states that. contribute to charge trapping. For the devices
reported here, a particular set of growth conditions were employed resulting
in one single interface condition. Growth parameters such as substrate -
temperature, flux ratios, and crystal stoichiometry can be used to alter the
interface, leadlng to.improved dev1ce performances ' R

The characteristics of the doped channel transistor can be further
'improyed by reducrng the source-drain contact resistance and the source-
drain’ to gate spacing; The addition of nickel to the gold-germanium alloy
will aid in reducing the contact resistance. Also, a transistor with a channel
~doping of 1017cvrn_‘3 should be fabricated in order to better compare ZnSe
and AlGaAs as insulators. ’ B '

The realization of these transistors is a stepping stone into a larger area
of ZnSe/GaAs devices. With improvement in the electrical characteristics of
the interface, one can envision the use of ZnSe as a passivating layer for
-~ GaAs in enhancement-mode, modulation-doped, and high electron mobility
FETs. Because of its optrcal properties, ZnSe will continue to be used for
optical as well as current confinement in GaAs based hght emlttlng—devmes
In the future, ZnSe may be used as a passivating layer for other n1-v
materials as well. With improved techniques for heterojunction fabrication
as reported here, the utilization of the ZnSe/GaAs heterornterface for devrce
applications appears promising. ‘
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Appendix A :
Doped Channel Field-Effect Transistor Run Sheet

; Isolatvi»(‘mv-Etch

L 21. Ob‘rain ZnSe on n—GéAs wafer

Size of wafer:
Thickness of wafer:
- n-GaAs resistivity:

o2 Ultraclean silicon wafer.

Boil in. TCA for 5 minutes
Ultraso.ni'c in ACE for 5 minutes
Ultrasonic in Methanol for 5 minutes.
DI H,O rinse :

Heat dry ((D 120 C

3. Degrease wafer
Lightly boil in TCA for 5 mlnutes
Ultrasonic in ACE for 5 minutes
* Ultrasonic in Methanol for 5 minutes
DI Rinse
N, Blow d'r'y'- ‘

4. Mount sample on silicon wafer

Spread AZ 1350J-SF positive photoresist (3 drops) o
Place sample in photoresist :
Hardbake resist (@120° C for 15 mlnutes

5. Deposit AZ 1350J—S}F positive phbtoresist

Spin @ 5000 RPM for 60 seconds o
Softbake resist for 10 minutes (@ 90°C

6.»Align and expose Mask #1 (ISolationfEtch)
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Kasper 1:1 mask aligner, exposure 13.0 units

7. Develop resist S
Develop in AZ Developer dxluted with DI 1:1 for 30 seconds o
~ DI rinse for 60 seconds:
Ny dry

8.:Ins'p'ect wafer

9. Hardbake resist |
‘ 120° Cvfor_ 15 minutes

10. Iso]at,lon Etch
‘Etch ZnSe layer with 400ml DI H2O 4ml HNO;:0.2¢ K2Cr207
“for 10-13 minutes (etch rate of = 100A/sec :
DI Rinse:
Etch GaAs layer with 400ml DI H,0:12ml H3PO4 3ml H202
for 15 minutes (et,ch rate of~ 4004 /sec)
DI Rinse - :
N, Dry

11. Inspect Wafer

12. Strip resist
' Rinse in ACE for at least 5 mmutes
Rinse in Meth for 5 minutes
DI Rlnse '
‘ ‘N2 Dry

13. Inspect wafer
" Souree-Drain Ohmic Contacts

‘14. U]trarclean silicon wafer
Boil in TCA for 5 minutes
- Ultrasonic.in: ACE for 5 mmutes »
Ultra,somc in Methanol for 5 mmutes’ »
o _»HDI H O rinse ' :



15.

16.

17.

18.

19.

20.

21.
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Heat dry @ 120 ° C for 15 minutes

Degrease wafer

(No ultrasonic cleaning) -

Rinse in TCA for 5 minutes
Rinse in ACE for 5 minutes
Rinse in Methanol for 5 minutes
DI Rinse

N, Blow dry

Ultraclean Au-Ge pellets and Ti boat
Obtain 3 pellets '
Boil in TCA for 10 minutes (2x)
Ultrasonic in ACE for 10 minutes
Ultrasonic in Methanol for 10 minutes
DI Rinse

Heat Dry (@ 120° C for 15 minutes

Mount sample on silicon wafer ‘ :
Spread AZ 1350J-SF positive photoresist (3 drops)
Place sample in photoresist -

Hardbake resist (@ 120° C for 15 minutes

Deposit AZ 1350J-SF positive photoresist
Spin (@ 5000 RPM for 60 seconds ’
Softbake resist for 10 minutes (@ 70° C

Align and expose Mask #2 (Source-Drain Contacts)

Kasper 1:1 mask aligner, exposure 17.0 units

Develop resist

~Soak in xylene for 3 minutes

N, dry |
Develop in AZ Developer diluted with DI 1:1 for 30 seconds
DI rinse for 60 seconds ' -

Ny dry

Inspect wafer
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Source-Draln Contact Etch

Etch ZnSe layer with 400ml DI H,0:4ml HNO3 0.2g KzCr2O7
for 10-13 minutes (etch rate of = IOOA/sec) '
DI Rinse

- Strip oxxdes w1th 40 second d1p in 400ml H, O 40ml NH, OH

DI Rlnse

- Quickly dry w1th N, and load mto evaporator

93,

Evaporate Au- Ge pellets |

" Pump to 5.0x10”7 Torr
’ Evaporate materlal at 5V and 6A

(Stepsv 24 - 28 must be performed within 1 hour after evaporation)

24.

Strip res1st

“Rinse or squirt with ACE for at least 5 mmutes
- (separate wafers)

Rinse in Methanol fer 2 mmutes ’

DI Rinse’

Ny Dry

25

26.

27,
28.

- 29.

Inspect wafer:

Anneal’ Contacts _ v
Heat in Marshall Oven at 450 C for 90 seconds
Cool

Inspect wafer

Probe ohmic contacts

Repeat steps 26-28 if necessary
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Top Metallization

30. Ult‘raclean '_si]icoﬁ wafer

31.
- (No ultrasonic cleaning)

“Boil in TCA for 5 minutes
- Ultrasonic in Methanol for 5 minutes

Ultrasonic in ACE for 5 minutes
DI H,O rinse

: Heat dry @120°C oven

Degrease wafer

Rinse in TCA for 5 minutes
Rinse in ACE for 5 minutes
Rinse in Meth for 5 minutes -

. DI Rinse ‘
- N,y Blow dry

3.

- 33.

34.

De.grease 5.aluminum bars and Tu filament
Boil in TCA for 10 minutes (2x)

~Ultrasonic in ACE for 10 minutes =

Ultrasonic in Meth for 10 minutes
Rinse in DI ’
Heat dry @ 120'_" C for 15 minutes

Mount samp]e on silicon Wafer :
Spread AZ 1350J-SF positive photoresist (3 drops)

Place sample in photoresist '
Hardbake resist (GD 120°C for 15 minutes

Deposit AZ 1350J-SF positiv'e photoresist
Spin @ 5000 RPM for 60 seconds

* Softbake resist for 10 minutes @ 70° C

35.’

36.

Align and exp‘ose'Ma‘stk #3 (Top Metallization) ’

‘Kasper 1:1 mask aligner, exposure 17.0 units

Develop resist
Soak in xylene for 3 minutes
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Dry N,

Develop in AZ Developer diluted with DI 1:1 for 30 seconds
DI rinse for 60 seconds

N, dry

Quickly load into NRC system

Inspect wafer

Evaporate aluminum

* Pump to 5x1077 Torr

39.

40.

Evaporate at 3A and 10V for 2 minutes

Strip resist

Rinse or squirt with ACE for at least 5 minutes
Rinse in Methanol for 5 minutes

DI Rinse

N, Dry -

Inspect wafer
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Appendlx B : _
Derlvatlon of Doped Channel FET Parameters ‘

B 1 Long Channel Dev1ces ‘

The long. channel dev1ce parameters for the doped channel ﬁeld effect
tran31stor are derlved in - this appendlx The device charactenstlcs of
interest are ,the drain ‘ current and ‘the' small signal gain, the
transconductance The followmg derlvatlon is modeled after the analysis of
"a n-channel junction ﬁeld eﬂect tran81stor found in reference 37.

The cross sectional schematlc of ‘the device appears in. ﬁgure 5.4
showmg the coordinate system and the dimensions of the transistor. The
channel is three dimensional with width, length, and depth of Z, L-and \(a_),-
‘ respectlvely The-current is assumed to be uniform for any value of y, where
x and y are the directions perpendicular and parallel to the “insulator-
semiconductor interface, respectively As in reference 37, this assumption (1)
allows a two dimensional analysis of the drain current. Some of the other
assumptions are - (2) the. device is “uniformly doped with a.  donor
concentration equal to Np. (3) Current flow is confined to the non-depleted .

portions of the n-region. (4) W(y) is the depletion region under the gate at
| position y and is either in d,epletiou or deep depletion for all gate voltages of
interest. (5) The gradual channel approximation is in effect where the rate
of change of electrostatic variables ‘in - the y-direction is- relatively slow
compared to the rate of change of the same variables in the x-direction. (6)
Assumption number 5 allows us to write W(y) in terms of both the gate
'.#oltage and the drain voltage, equations 1 and 2. (7) The MIS gate
"capacitor has no initial band bending, and as a result, an ideal gate voltage
(Vé) is applied to the device. (8) The voltage drops outside the gate region,

~.1],_ B O

source to y=0 and drain to y=L are negligible.

VeViy)

] .
* Vv,

w’(&)=xg{
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2 S
vb=—M, R B
2K 2 eo P :

» We begm w1th the drll't equatlon for electrons whlch is: valld for charge

~ motion in the voltage range below -channel pinchoff, 0= VD_- VDsat and

Vp= Vg= 0. Vpis the gate voltage that causes W(L) to equal the channel

thlckness ( ). In equatlon 3, we are. assumlng that mlnorlty carrier current
is negllglble

B TS R O

JIny and %P are the current densrty and electrlc ﬁeld in" the - y direction,

respect1vely The variables used in this appendlx are further defined in

Table 3 of Chapter 5. Invoking the first assumption that the drain current

is uniform throughout the dev1ce, the der1vat1on proceeds by integrating the

current density, equation 3, over the cross sectional area of. the non- depleted

. channel giving equation 4.

ijNydxdz P R (4)
.The 1ntegral over . the z d1rect1on brlngs a gate w1dth YA out in front of the

first integral while the 1ntegratlon over the x dlrectlon multlplles the
current densrty by the width of the non—depleted channel [a (y)]

ID_qu”NNDla W(Y)l (N - k} (5)

."We now proceed to ehmmate the dependence of equat1on 5 on y by
sul)st1tut1ng the express1on for W(y) glven in equatlon 1 into the ID
relat1onsh1p At this po1nt the current equatlon consrsts only of terms that
are dependent on a varying draln Voltage (V(y 0) = 0 and V(y L) = Vp).

The derlvatlon is completed by mult1ply1ng both sides by dy and 1ntegrat1ngd
Ip with respect to y whlle 1ntegrat1ng the right side of the equallty with

,“” W
Vg—V

1 e

‘+. Vi l ]

respect to V.

oV

A
fIDdY ZauNp [ [a‘_xo[

V=0. |
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Vi

. | o - | ’ , | V»VL,’ VG'—V(y) 1/2‘ .
: IDL=Zq1uNND (a+xo)VD— j X0' 1+'—_ (’V

The final integral results in the drain current as a function of Vé and Vp in
AR
(6)
Vp= VG_

When the depletion width in the n- GaAs at the dram end of the- gate
‘pinches off to the semi- 1nsulat1ng GaAs; the drain - current. saturatesk To-

the linear region of operation, equation 6.

3/2 VG

1+—
Vs

Va—Vp
Vs

5 ZQNNND

L i

(a+x )VD+ X Vb{

vaDsat=v 'VDé 0

derive the saturation current in the beyond pinchoff state, the saturation
voltage is calculated and correspondingly substituted into equation 6.
Saturation of the drain current occurs when ‘W(L) == (a), and this happens
when Vp = Vpg,y = Vé; -Vp. ‘

Vpsat=Vo—Vo | |— |1} .. (7)

The ensuing substltutlon of equatlon 7 into equatlon 6 results in saturation -

current at a gate voltage VG

| ZqunN a+x,) . v al4ox, | : atx, | X, -V
-ID,sat: E D( O)‘ G_Vb 'fo +2—Vb ' > RN o.l 1+———G—
' L I : X(; ) . X (a+xo) "Vb

Ve—Vp = Vp

The final parameter of interest in the long channel dev1ce ‘is the

transconductance which is found by takmg the derivative of the. saturatlon
olp

(NG

the above equatlon drops out except for the first and the last terms, leavmg

, current w1th respect to. the ideal gate volta»ge (8m = ). .Every term_ in:
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equatlon 9 i

dIDsat Zq:UNND ! - Xg

: a—l—xo 11—
dVG L ( ) atx,

(9

Bm™

.B 2 Short Channel Devxces

The short- channel transconductance der1vat1on is taken frorn reference

42 and is similar to the derivation for a short channel Junct1on field-effect

transistor under total veloc1ty saturat1on In this case, the drain current
saturates because the velocity of the. electrons in the. channel reaches a
maximum value of 2x107cm/sec at an- electric field of approximately
3500V/cm The saturation current for a gate voltage VG for total velomty
saturatlon under the gate is given by equat1on 10.

Tpsui=av,L(a-WEINo ()

where vg is the saturated veloclty The drain’ current saturates for a critical
drain voltage approximated by Vg, = € L where Eg is the electric field at
maximum electron velocity. : :

To - solve for “the transconductance, the expressmn for W(y) is

| substltuted 1nto equat1on 10, V(y) is replaced W1th g L and the denvatlve is
taken with respect to the gate voltage ' :

(T vievm 1 ]] |
Ipeat=aqvs2 a—xo{ I+ —1
. g. _GIDsat )
TV
g | (1)
SR 2V5’ Vb

By substltutmg equatlon 2 1nto equatlon 11 the transconductance can be
: snnphﬁed further ”
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—1/2

Vg—¢ L

v, (12)

gmn=CoVsZ [ 1+

o is the oxide capacitance.

C

The above expression for g, eq. 12, is similar to the traﬁsco‘nduct:in'ce

in an enhancement-mode transistor of C,v,Z. In this case, the square root

term is vary close to one because the electric field times the gate length is
relatively - smalled compared to the gate voltage. Hence, the
transconductance for the short channel FET will be essentially independent

of the gate voltage.
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