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‘Abstract

'Atomic hydrogen is quite effective at cleaning substrate surfaces for subsequent
growth of compound semiconductors by molecular beam epitaxy. Five different
‘materials were cleaned in-situ using atomic hydrogen. Hydrogen cleaning was shown to
remove oxides and other surface contaminants from CdTe, HgCdTe, GaAs, and sapphire.
‘Hydrogen cleaning is compared to other methods of in-situ preparation which have been
‘used in the past through the use of reflection high energy electron diffraction, atomic
force microscopy, ultraviolet fluorescence microscopy, and Nomarski interference-
‘contrast microscopy of substrate surfaces. The most detailed study, HgCdTe, also
‘includes the use of x-ray photoelectron spectroscopy. Use of atomic hydrogen to prepare
Si, however, was not effective in our MBE system. Reasons for the difficulty in cleaning

Si are discussed, and possible solutions are presented.
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I Introduction
I.1 Background

In recent vears semiconductor research has seen rapid expansion.  As this continues the
quality of many compound semiconductors steadily improves. The development of [1-V]
semiconductors is fast approaching the level of the more advanced growp IV and group [11-V
compound semiconductors. Interest in the wide bandgap [11-V compounds is also growing. A
recent accomplishment in this area was the production of a blue laser by Nichia Chemical that
has a reported lifetme of 10,000 hours.' As researchers improve materials. device production
expands at an equal if not greater rate. With each new technological achievement devices
become quicker. cheaper, and smaller. They also run longer, perform better. and operate at
higher speeds and temperatures

Most intricate device structures require epitaxial growth of a succession or series of thin
lavers. This process 18 himited by a number of constraints. Matenal availability, compatibility
hetween components, and the cost of starting materials must all be taken into account. As new
structures are designed for commercial application, researchers scramble o solve the problems
related to fabrication.

Of the numerous challenges facing researchers. many are related to problems at the
intertace of the two compounds. One of these is mismatch between the lattice constants of the
two materials.  IF the lattice constants differ by more than a few percent, dislocations can be
formed upon the initial nucleation of the film.  Another challenge 15 understanding how the
surface of one face interacts with the constituents of the other. 1f one of the elements is more
reactive than the other, and conseguently bonds to the substrate forming a compound that 15 not

compatible with the cryvsial lattice, it can limit the quality of the subsequent film. Similarly. the
I



overall quality of the substrate surface can be a limiting factor. Rough surfaces. oxides, or
etching remnants can all lead o poor film quality. New techniques to overcome these problems
need to be explored

As an example, an ongoing problem in heteroepitaxial growth of ZnSe and CdTe has been
a high density of defects related to stacking faults originating at the substrate-epilaver interface,
Fhese defects serve as nucleation sites for dislocation generation during device operation,
leading to degradation and ultimate device failure in an unacceptably short time.”™ [t is believed
that the stacking faults occur during initial layer growth and are due either to incomplete oxide
removal or poor surface preparation that induces the formation of stoichiometry-related
defects

[fferent techniques have been used to remove oxides from the surfaces of various
substrates.  These techniques include ex-situ etches as well as in-situ heating, However, such
methods tend leave behind remnant oxides, and/or require buifer layers 10 be grown before the
final film is deposited. Also, the temperatures required for in-sifu heating can be quite high,
while lower temperatures are often necessary for compatibility with the development of certain
device technologies.

Contaminants and oxides can be removed from the surfaces of semiconductors with
atomic hvdrogen™"' Early substrate preparation experiments were performed by reactive-ion
ctehing. This is advantageous since the cleaning can be performed at much lower temperatures
than conventional methods, however there tends to be some damage done to the surfaces due o
ion bombardment.”  Further experiments have been done using f and electron-cyvelotron-
resonance (ECR) plasma sources to produce atomic hydrogen. This approach improved surface

quality, yet the ions produced by the plasmas have the potential 1o degrade the surface electronic

-
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properties.”  The most recent work has been done using a thermal cracker 10 produce atomic
hydrogen since it does not produce ions. Lou ef al” have cleaned CdTe surfaces with
thermally-cracked atomic hydrogen, and examined the effects on stoichiometry, Other groups
have used thermal sources to clean $i", GaAs"*, and InP",
1.2 Goals
A review of the literature shows that there is still a considerable amount of work
remaining 1o be performed to understand the role of atomic hydrogen in the preparation of
surfaces for epitaxial growth. It is the purpose of this thesis to investigate using atomic
hydrogen to clean five different surfaces. The goals of this study are listed below.
{1y Swdy the effect of hydrogen cleaning of CdTe surfaces. and its effects on the resulting
film growth.
(2} Investigate oxide removal from a HpCdTe surface using atomic hydrogen by looking
at the effects of h}'rjmgen cleaning on stichiometry and on CdTe passivation.
{3} Build on previous hydrogen cleaning studies of GaAs surfaces by depositing ZnSe and
CdTe layers, and looking at the quality of the epitaxial films.
(4) Use atomic hydrogen to prepare clean sapphire as a substrate for GaN deposition.
i3} Investigate the use of atomic hydrogen 1o prepare Si substrates for growth of ZnTe and

CdTe.



2. Experimental Details
2.1 The Growth System

T'he oxide-removal experiments and epilayer growths were performed in a custom MBE
system at West Virginia University, which is shown in Fig. 2.1 and 2.2."" The system consists
of two chambers, the growth chamber and the load lock, which are separated by a pate valve.
I'he growth chamber is evacuated with a C T1-Cryogenics CT-8 cryopump and the load lock with
a Varian Turbo-V250 wrbomolecular pump.

Initial pump down of the growth chamber is done with the turbomolecular pump through
the load lock. Once the pressure reaches the 107 Torr range the gate valve is closed and the
main chamber can be evacuated by the cryopump. Lising the crvopump, the growth chamber
pressure will reach pressures in the 107" Torr range without a bakeout. The background pases at
this pressure tend 10 be water vapor, mitragen, hvdrogen, and carbon dioxide. These can all be
monitored on the system’s UTI-100C quadruple mass spectrometer. To further reduce the
pressure in the chamber and suppress these background gases, the system iz heated 10
temperatures between 120-150°C (the so-called “bakeout™ until the levels of these gases reaches
an acceptable range. After a bakeout the chamber reaches pressures in the 10" Torr range,

The gate valve at the main chamber allows the load lock to he brought up to atmoespheric
pressure without affecting the pressure in the growth chamber, This makes it possible to load
and unload the substrate block in the following manner. If the gate valves to the turbo-molecular
pump and the main chamber are both closed. the Joad lock can be vented with dry nitrogen gas o
create an overpressure. Once the load lock is above 760 Torr it can be opened to the cleanroom

environment without an exeess of water vapor entering. A substrate block is then mounted on a
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transfer arm in the load lock, and the load lock is then pumped back down to the 107 Torr range.
The transfer arm is then inserted ino the growth chamber. and the substrate block can be
positiened for growth.

The growth chamber is based on a cyvlindncally-shaped vessel tilted 30° away from
horizontal. At the top of the growth chamber is the substrate manipulator. The manipulator
directly controfs the subsirate heater and hence controls the position of the substrate block inside
the chamber. Once the substrate block is brought ino the system by the transfer rod, the
manipulator can be used 1o bring down the heater assembly and grab the block, Once the block
13 transferred o the heater assembly, it 15 pulled back to the growth position using a micrometer.
In addition to the £ coordinate. the X and Y coordinates can also be adjusted. Once in position
the sample can be rotated 360° in the plane of the substrate. Due to the high substrate
temperatures wsed for growths, the surmounding area is kept cool with a liguid nitrogen cooling
shroud.  The liguid nitrogen-cooled shroud also creates a cleaner vacuum in the volume
mmmediately surrounding the substrate,

2.1.1 The Heater Assembly

The heater assembly consists of a melybdenum cup with three bavonet slots equally
spaced around the cup used to lock the substrate block in place, and a fourth open slot used to
ensure proper alignment. The substrate block itself is a cylindrical-molybdenum cup with three
equally-spaced pins 1o hold the block in the bayonet slots, as well as a fourth pin for alignment
purposes.  This cup's outer diameter closely matches the inner diameter of the assembly cup.
This geometry leaves a cylindrical cavity behind the substrate where the heater is mounted. A

diagram of a substrate block on the heater assembly is given in Fig. 2.3
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The heater 15 constructed of tantalum wire wound around a pyrolyvtic boron nitride (PBN)
disk. and then situated between two more PBN disks which serve as insulators. These disks are
then held in place by additional tantalum wire. The two ends of the wire in the windings are run
1o a ceramic feedthrough and connected to a power supply. Running through the center of the
heater is a type K thermocouple used to regulate the heater power supply. This thermocouple
comes in direct contact with the center of the back of the substrate block, and is held there by a
spring mechanism. All wires, either from the heater or the thermocouple, are threaded with
ceramic beads to ensure electrical isolation.

Because the thermocouple is not in direct contact with the substrate 1self, it is imponant
to know the temperature gradient between the surface of the block and the point of contact with
the thermocouple. Three different experiments have been performed to calibrate the substrate
temperature, In the first two cases a thermocouple was introduced to the system through a
1-1/3" flange. and brought imu contact with the front surface. In the first experiment the
thermocouple was attached directly to the block with colleidal graphite, and in the second a
sapphire substrate was mounted on the block wsing indium with the thermocouple 1n contact
with the surface of the substrate. The substrate temperature was mised in small increments,
allowed to sertle, and the two temperatures from the front and back thermocouples were
recorded. The data points were then fit using a nonlinear regression in Jandel Scientific’s Sigma
Plot program, The resulting curve was then used in future experiments to determine a set point
tor the thermocouple in the heater assembly to achieve the proper temperature at the substrate,

After a large number of high temperature growths the spring loading of the thermocouple
failed w work properly, and the thermocouple was not always in direct contact with the back of

the block. This led to uncertainty in the temperature of the block. Because the lemperatures
9



required at this point in time were relatively low, 80-300°C, accurate temperature readings were
tuken daily using a second techmique. This calibration was performed by mounting a separate
substrate piece to the block. Using a soldering iron, three to four indium spikes were attached o
the surface of this second substrate. While slowly heating the block one could watch the spikes
through a viewport, and record the temperature that the indium melted. Comparing this
lemperature with the actual melting temperature of indium, 156.7°C, one can determine the
temperature differential, and thus make a good approximation of the temperature.
2.1.2 RHEED

An electron gun and phosphor screen are located 1807 away from each other within the
chamber, as shown in Fig. 2.4, These are used for reflection high energy electron diffraction
{RHEED). The electron gun is aligned such that, when the sample is in the growth position. the
clectrons beam makes an angle of one degree with the surface of the sample. The scanered
electrons incident on the phosphorous screen then form a diffraction pattern.  The screen is
surrounded on the outside of the chamber by a black box. Inside the box is a CCD camera which
is connected 0 a computer and a video monitor. The computer controls the camera through a
program called KSA-400, which was written by k-Space Associates. Inc. and is designed to

pcquire and manipulate RHEED images.

2.1.3 Souree Ports

At the bottom of the chamber is the source flange. The source flange has four ports for
solid-source ovens providing the growth species. Each oven is aimed toward the substrate block.
and is 12° from an axis perpendicular to the substrate with a source-to-substrate distance of

approximately 127, The sources are tyvpically operated at temperatures ranging from 200 to
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| 000°C depending on the particular species. For this reason the sources are surrounded by a
cooling shroud which contains a mixture of ethylene glveol and water. The solution is cooled to
370 and circulated throughout the lower area of the chamber by a NESLAB HX-200 cooling
!‘1}' Slem.

Surrounding these ports are a total of six 4.57 ports used for additional characterization,
and for housing the nitrogen and hvdrogen sources. Fig. 2.5 shows the chamber crossection with
two of these ports shown at either side of the source flange port. These ports are each located at
the end of 2 57 OD stainless steel tube. The tubes are welded to the chamber such that their
center line is approximately 8" above the source flange. The tubes are 10™ along their center
line, and 35° away from being inline with the sample. This gives a distance of 21.4” from the
port o the substrate,

2.2 The Hydrogen Source

A commercial atomic hydrogen source (EPI-AHS-L). shown in Fig. 2.6, is used to
generate atomic hvdrogen.  The source produces mtomic hydrogen by thermal cracking of
molecular hydrogen on a heated tungsten filament.™ The filament is heated using a current-
regulated power supply that can be adjusted up to 10 A, Al currents of 7.0 to 10.0 A, the
lemperature varies between 1800 and 2400°C." For this reason the source has its own water
cooling lines located outside the cooling shrowd., These lines are coiled around the cell, and
supplied with water flowing at a rate of approximately 0.5 L/min. The hydrogen gas is inlet to
the source cell through a VCR finting. Connected to the inlet is a Fisons MDY leakvalve. This
valve employs a micrometer-calibrated knob, allowing the flow of gas to be controlled between

107 and 107" mbarfsec, or 7.5 = 107 and 7.5 = 107" Torr/sec.” Attached to the inlet side of the
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Fig. 2.6 Schematic of the hydrogen source, as well as o photograph of the source as i
looks mounted to the system.
(Taken from Ref. 20).



valve 1s a tee connected to two on/ofl valves, These valves are connected by flexible, formed-
bellows lines and regulators to hydrogen and dewerium tanks. During operation, the vaive on
the hydrogen tank and the valve leading to the tee are fully opened, and the regulator is set o
supply 30 psi to the leak valve. Both valves to the deuterium tank are completely closed. For
operation with deuterium, the order of open and closed valves is switched.

As stated in the previous section, the port for the hydrogen source is a 107 long, 2.57
diameter tube at the side of the chamber. Directly inside. at the point where the tube is welded 10
the chamber, are the water cooling lines for the source flange. Since the source is 11.47 in
length. from tip to flange. a 47 nipple must be attached to the chamber's port o ensure that the
source does not hit these cooling lines. This gives a source-to-substrate distance of 147

Unce inserted into the svstem, the source must be outgassed. To do this the filament
current is slowly turned up to 9.5 A. This is typically accomplished by raising the current one
amp every five minules while watching the system pressure. [f the pressure becomes too high
due to the outgassing. the current is kept constant until the pressure falls 10 an acceptable level.
Cinee the current reaches 9.5 A, the source is left to continue outgassing for several hours. The
current is then brought down in steps of one amp every two minutes.

For operation the source 15 stepped up to 9.5 A, first in two amp increments every two
minutes until the source reaches six amps, [t is then raised in one amp increments every two
minutes up to nine amps, at which point the final half amp step is made. The current is brought
back down in the reverse step order.

Included with the source manual is a specification sheet which lists the temperatures the

filament reached at specific curmrents prior to shipment, as measured with an optical pyvrometer.



For the source used in this study, values of 1730°C and 2200°C were given for 7.0 A at 19.1 V
and 100 A ot 36.1 Y, respectively.

This particular source was one of the first of its kind produced by EPL. Since then EPI
has made some improvements in the production of their filaments, so that their performance is
more consistent. [t is noted that when newer filaments are used in this source, the voltage at
9.5 A is between 40.0 and 47.0 V. (As the filament is continually used the voltage rises from day
to day. then drops significantly shontly before the filament [ails.) Since the newer filaments
operate ot a higher power, one would expect the temperature to be higher as well. The MBE
chamber does not have an optical port that could be used to measure temperature of the filament
with an optical pyrometer, so no data could be directly taken for this source. However, a second
source was purchased for a new MBE chamber currently being built at WYU. This newer
source’s spectheation sheet was supplied with dota for a new filament, and has temperature
values of 1870 and 2365°C corresponding 1o 7 A 259 Vand 10 A, 45.7 V, respectively, It was
determined that while filament temperatures will vary slightly from source to source. the valucs
on the second specification sheet were fairly typical and could be used to estimate the

temperature of the new filament in the older source = Stefan-Boltzmann's law is

£
F

= gal”
where Stefan-Boltzmann’s constant, o, is 5.67 x 10" W m™ K. Using the values for power and
lemperature given on the specification sheet for 10 A, a value for emissivity times area, €A, can

be determined and used as an estimated value for other filaments. Reverse substitution,

assuming a power range of 380-447 W, vields an operating temperature range of 2248-2352 °C.



[t is of interest to determine the number of hydrogen atoms reaching the surface of the
substrate. The [Mux incident on the surface of the substrate, @, is given in MKSA units by~

l
h= —mE Y, 2.1

-

where n, 15 the total number of molecules at a pressure p. and v is the most probable speed

calculated from Kinetic theory. The quantities n, and v, can be written as

.
il 29
"= . 2.2
YoM (2.2)
r T
i |
= L (2.3)
| M

where k is Boltzman's constant and M, is molecular mass. Substitution into (1) gives

= crpet— (2.4)

J2kM T
I'he hydrogen flow used for subsirate cleaning typically resulted in a system pressure of
1.2 % 10" Torr and a reading at our beam flux monitor of about 1.7 = [07 Torr. The wn gauge
used in the beam flux monitor, however, is calibrated to nitrogen gas, and the sensitivity to
hydrogen gas must be taken into account. The sensitivity for H, is approximately (1.5 which
gives the actual pressure of hydrogen as 3.4 = 107 Torr, or 4.5 = 107 Pascals. For hydrogen (H,).
M, is 2.0 x 107 kg/mole. Using k =1.38062x 10 VK and T = 300 K. a Mux of 4.8 x 10" m™s",
or 4.8 = 10" molecules em™s”' is expected. The biggest uncertainty is what emperature to use
Using the operating temperature of our source, 2300K, would change this number to 1.7 = 10"

molecules em™s”,

v



However. it 1s the number of atoms reaching the substrate that is of interest, so a cracking
efficiency needs to be obtained. Information pertaining to the cracking efficiency for this source
has been reported in two EPI application notes.”™" The first publication demonstrated that an
inverse relationship existed between the cracking efficiency and the flow rate of hydrogen gas.
but did not give enough information to accurately relate this to the amount of hydrogen flowing
in the source.” The second EPI note gave a more specific relationship between a flow rte and
the corresponding cracking efficiency. Fig. 2,77 is a  graph of cracking efficiency versus
temperature for a flow rate of 1.5 scem.

lhe leak valve on the hydrogen source does not indicate a specific flow rate, so in order
1o complete the estimation of the cracking efficiency a flow rate must be determined. The
pumping speed for hydrogen for the cryopump is 2500 Lisec™ Conductance calculations
indicate that this should drop to about (M) L/sec at the main chamber. A pressure of 1.2 « 107
lorr thus indicates a flow of approximately 1.5 scem. This is important since this is the flow rate
used to produce the graph in Fig. 2.7. The cracking efficiency for these operating conditions 13
approximately 10%. Every molecule cracked vields two atoms, so a cracking efficiency of 10%
means that 9.6 = 10" atoms cm~s” hit the substrate,

The time for one monolaver equivalent impingement of atomic hydrogen is given by

e = BT (2.4)

f

where d 15 the distance between atoms, This distance will vary from substrate to substrate, but to
get an approximate time the value of d can be taken as 3A. Equation 2.4 then vields 1.2 sec as

the ime a monolayer equivalent of hydrogen atoms 10 arrive.
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2.3 ing s

A typical cleaning sequence consisis of several steps. Specific chemical and hydrogen
etch conditions and times will be given in the individual sections if they do not apply to all
substrates. In addition, Appendix A contains schematics describing all of the chemical etch
procedures.  The substrate first undergoes a solvent degreasing procedure. This consists of two
mmersions in trichloroethylene, each five minutes long. Next is a two minute immersion in
acetone, followed by two five minute immersions in methanol. The five 100 ml beakers used for
the degrease are filled with approximately 60 ml of their respective solvents. The beakers are
warmed to a temperature of about T0°C on a hot plate prior to and during the degreasing. After
the final bath in methanol, the substrate is rinsed in fresh methanol and dried with high punty
mitrogen gas, Each tvpe of substrate then undergoes a unique etch. After the etch, the substrate
1= mounted on the substrate block with either indium or colloidal graphite (Agua-dag, Ladd
Research Industries, Inc.), and inserted into the load lock. The loadlock is evacuated, at which
point the substrate 15 transferred to the growth chamber and onto the substrate manipulator. Once
on the manipulator, the substrate is pulled back to the growth position and shielded from the
sources by the substrate shutter. 1f the substrate is mounted with Aqua-dag, a degassing time of
approximately one hour from the time of insertion is allowed. Afier any necessary degassing the
sitbstrate is heated to its cleaning temperature, the hydrogen source 1s turned up slowly to its
operating current, and the RHEED electron gun is slowly brought up 1o 13 kV and -20 pA. I
tvpically takes 20 minutes [or the substrate temperature to stabilize, and the hydrogen source to

be brought up to the operation current.

2



Duning this time it 15 important to rotate the substrate (o a position where a known
RHEED pattern exists. Practice and familiarity with the substrate allows one 1o find a particular
pattern readily, even though at this point the substrate still has an oxide layer and may not exhibit
a bright pattern. Onee the current reaches 9.5 A, the hydrogen tank is opened. The leak valve is
then slowly opened until there is a reading of 1.2 = 10" Torr above the background on the
svstemn's ion gauge. In order to monitor the RHEED diffraction patterns as a function of time the
KESA-300 program 1s set up to take a RHEED image every thirty seconds. Once the first RHEED
picture is taken of the substrate, the substrate shutter is opened, and a timer is staried to monitor
the exposure to hydrogen. The exposure time is determined from previous experiments on the
particular substrate material being used, bul can be modified based on RHEED observations. At
the end of the predetermined cleaning time, the subsirate shutter in closed. As the hydrogen
cleaning progresses, the diffuse scattering associated with the oxide should disappear. and a
streaky pattern indicative of a flat, iwo-dimensional surface should replace it. However, it has
heen shown that additional exposure of many of the substrate types can cause the surface to
roughen, This 15 manifested by a breakdown of the streaks in the RHEED pattern into spots. [T
RHEED streaks appear to start breaking into spots before the general cleaning time expires the
substrate shutter i1s closed, and the time elapsed is recorded in the notebook. 1f the pattern 15 stll
streaky. indicating a two dimensional surface. the substrate is cooled to growth temperature, and
the expenment can proceed. [f. on the other hand. the RHEED indicates a three dimensional
pattern for any substrate other than HgCdTe, the expennment is terminated. After the substrate 15

shuttered, the gas is turned off, and the source’s current is brought down.



2.4 Ex-Situ Characterization

Chnee the sample has been brought out of the svstem, there are a number of other
experiments which can be performed. In device fabrication the substrate/epilayer interface needs
o be as two-dimensional as possible to limit defects in the crystal. Therefore. a major concern s
the wpography of the substrate before and after hvdrogen cleaning, as well as the surface of the
epitaxial films that are ultimately deposited on the substrates. Atomic force microscopy { AFM)
measurements were made in air using a Digital Instruments Nanoscope [1. The AFM has been
used to look at the surfaces of cleaned and uncleaned substrates as well as the surfaces of films
deposited on these substrates.

Another topic of interest was the effect of hyvdrogen on the stoichiometry of the
substrates, Mumntuning the stoichiometry of the HgCdTe 15 of great importance, since small
changes in sicichiometiry will change the bandgap energy. Reflectance measurements have been
performed in the visible region on HgCdTe using a Carv-14 spectrophotometer.  Three room
lemperature scans were taken of each substrate and then referenced to sapphire scans taken on
the same day. The E, reflectance peak in scans taken before and after hydrogen cleaning were
then used 1o search for gross shifis in stoichiometry

Nomarski microscopy and uv fluorescence microscopy were performed using an
Olympus BX60M microscope. Nomarski microscopy was used to look for surface features such
as hillocks, pits, or fractures, as well as surface roughness. Fluorescence microscopy was used
1 look for imperfections with a 100 W Hg lamp used to excite the fluorescence. For example,
in ZnSe Frank dislocations or Schockley defects are easily seen with UV florescence. [n GaN

L'V fluorescence can be used to locate possible sites for photoluminescence lines.

¥



2.5 XPS Svitem

Neray photoelectron spectroscopy (XPS) measurements have been performed 1o swdy
hydrogen cleaning. These experiments were performed in an effort to more clearly understand
what occurs during hydrogen cleaning.  The removal of oxides and changes in surface
stoichiometry can be monitored as a function of cleaning time.

The experiments were performed in a two-chamber ultrahigh vacuum (UHV) system used
tor semiconductor processing studies, which is shown schematically in Fig. 2.8." One chamber
allowed atomic hydrogen etching with controlled sample heating, similar 10 that in the MBE
chamber, while the second contained the facilities for XPS. (It is noted that the second hydrogen
source mentioned earlier is used 1o perform experiments in this system. }

[he Mg anode (1253.6 ¢V x-ray line) of a Fisons twin anode x-ray source, operating at
M0 watts, was used in XPS analysis. Emitted electrons were analvzed using a VGI0DAX
hemispherical analyzer in 1:1 lens mode. resulting in & sampling area slightly more than 4 mm
wide, Spectra were taken in constant-analyzer-energy mode with a 20-¢V pass energy with the
work function determined by calibration on argon-etched silver foil. Data acquisition and
analysis was performed with a VGX900 board and software. Afier further study 1 was
determined that a more sophisticated analvsis was necessary, and so the raw dota was re-
analyred using Jandel Scientific’s Peak Fit program to obtain a more sccurate set of information.
2.5.1 Calibration of the Hyvd

The hydrogen flow used for substrate cleaning in the MBE system typically resulted in a
system pressure of 1.2<10" Torr representing a flux of about 9.6x10" atoms sec”’ cm™ for atomic
hyvdrogen. In order to compare experiments in the two systems, the flux at the substrate in the

XPS svstem needs to be determined.
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[hree factors need 10 be taken into account when determining an equivalent system
pressure for source operation (and hence an equivalent flux) for the second svstem. The first two
factors are the source-to-substrate distance and the incident angle of the hydrogen with respect 1o
the substrate surface. The source-to-substrate distance was 35 cm and 15 ¢m, while the angle of
incidence was 35° and 73° in the growth system and the analysis system. respectively. Taking
the ratio of the squares of the distances, then accounting for the angle of incidence gives 4 factor
of about 1.9 more atoms at the surface of the substrate in the XPS svstem for a comparable
pressure,

The third consideration is the difference in pumping speeds. The cryo pump on the MBE
svstem has a pumping speed of 2500 L/sec™ for hydrogen. The OsakaTG200 Turbo-molecular
pump on the XPS chamber has a pumping speed of 150 L/sec™ for hydrogen. Since both have
similer conductance to the main chambers, the pumping rate in the XPS system is 6% of the
pumping speed in the growth system. Taking 1.2 x [0™ Torr multiplying by 16.7 and dividing
by 1.9 indicates an XPS svstemn pressure of 1.1 x 107" Torr should give a roughly equivalent flux
of atomic hydrogen at the sample’s surface.

However, a system pressure of 5.0 x 107 Torr was used throughout the experiments in the
XPS chamber. This pressure was chosen prior to making the above detailed caleulations. The
system pressure, pumping speed, and conductance considerations, will again lead 1o a cracking
efficiency of about 10%. so a simple ratio of pressures leads 10 a flux of 44 = 10"
molecules em™sec” at the surface of the substrate in the XPS system. This will lead 10 a
moenolayer equivalent impingement every 2.5 seconds.  Thus, equivalent exposure times in the

XIS chamber are a factor of 2.1 larger than in the MBE system in this study,



in the Two Systems

The filament used 1o dissociate hydrogen operates ar an elevated temperature and
produces a significant amount of heat and light.  For this reason, surface heating should be
considered.  For example. 1t was observed that the temperature of substrates etched near room
temperature (i.¢. no power to the substrate heater) in the XPS system actually increased to 50°C
during the etch. Since heating occurred from the front surface in this case, the HeCdTe surface
could be significantly warmer, This will be important in interpreting the XPS spectra discussed
lmter. Radiant heating due to the filament was not as much an issue for the MBE system due 10
the longer source-lo-sample distance as well as the presence of a liquid nitrogen cooling shroud.
In the growth chamber. the thermocouple indicated a temperature of —30°C for “near-room
lemperature " expenments (no power to the substrate heater and operation with a liquid nitrogen
cooling shroud) after a one-hour exposure to the filament.

To further investigate this phenomenon additional experiments were performed in the
growth chamber. A HpCdTe sample was mounted on a substrate block. and an additional fine-
cauge type-K thermocouple was attached 1o the center of the front of the sample with a small dot
of indium o ensure good thermal contact. The substrate temperature and block temperature
could then be measured simultaneously.

Four sets of measurements were taken at four different temperatures as shown in Table
2.1 The first two sets were taken before the liquid nitrogen shroud was cooled. One was taken
with the hydrogen filament on, and the other while the filament was off. The third and fourth
sets were again with and with out the hvdrogen filament, but the hguid nitrogen shroud was

cooled to -1407C.
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In addition to measuring the temperature gradients. it was of interest o determine if this
heating was all radiant, or if some heat was transferred by the hvdrogen atoms. For this reason.
during the room temperature experiment the hvdrogen pas was turned on.  There was no
discernible temperature difference with and without the hyvdrogen gas flowing, confirming that

the heating is all radiant.



3. Preparation of CdTe for CdTe Deposition

3. [ und

HeCdTe is an excellent candidate for fabrication of infrared detectors, One of the
problems in its development has been the need for a suitable substrate. CdTe is an obvious
chosce. yet there were problems early on with its bulk growth. As these problems are resolved
and bulk CdTe material improves, it will prove quite useful as a substrate for HgCdTe. In the
meantime one possible solution to the problem of crystalline quality is growing a thin film of
CdTe on a CdTe substrate,

I'his chapter discusses the use of atomic hydrogen to clean CdTe surfaces. Tvpical in-
sit thermal treatments of CdTe to remove oxides and other unwanted elements from the surface
require temperatures at or above MW0°C. A prior study by Luo er al has shown that atomic
hydrogen is very effective at removing oxygen, chlorine, sulfur, and carbon from CdTe surfaces
while preserving stoichiometry.” It will be shown that atomic hydrogen cleaning also results in
smooth, 2-D surfaces appropriate for subsequent epitaxial growth. ™
1.2 Surface Preparation

[1-W1, Inc. {Saxonburg, PA) provided both (100) and (211)B-oriented substrates for this
study. CdTe substrates underwent a chemical etching procedure typical of that used for MBE
growth. The substrates were degreased and then etched for five minutes in a 0.5% Br.methanol
solution. followed by two methanol dips. In between cach solution the substrates were rinsed
with methanol. After the second dip the substrates were blown dry with high purity nitrogen gas

and nnsed in deiomzed (DI H.O Tor five minutes. The next step in this procedure was a thirty



second dip in 1:9 HCLED1 HO. followed by a five-minute rinse in DI H,O and immediate blow-
dry with nitrogen gas.

2.3 RHEED During Hvdrogen Cleaning

When inserted into the MBE system and examined by RHEED, as-received substrates
twpically exhibited diffuse scattering. This is true even for those that were etched in HC| to strip
surface oxides prior to insertion.  This is consistent with previous LEED swdies indicating a
disordered surface on as-received substrates.” RHEED measurements on the as-etched
substrates gave irregular. spotty patterns with superimposed rings, as seen in Fig. 3.1. This is
mndicative of a residual Te overlayer, probably from the Br:Methanol etch. In order to remove
the Te, it was necessary to heat the substrate above 200°C. This was indicated by the
disappearance of the diffraction rings. The surface, however, remained 3-D in nature, as the
diffraction pattern exhibited only spots indicative of the textured surface. This pattern became
swo-dimensional only after the tvpical thermal treatment, which involved heating to 300°C for
1en minutes,

The effect of awsmic hvdrogen cleaning was investigated at both room temperature and at
elevated temperatures. At room temperature, both the diffuse scattering and the nings related 10
oxides and/or a Te-overlayer disappear after about a twenty minute exposure to alomic
hydrogen. The bright, three-dimensional spot pattern shown in Fig. 3.2, 15 obtnined afier a total
exposure of about thirty minutes, and similar to that observed for the 20{0°C thermal
pretreatment. For temperatures above approximately 80°C, however, the oxide/Te overlayer was
rapidly removed and a sharp two dimensional pattern with well-defined steaks was observed,

like those shown in Fig. 3.3,

L



Fig. 3.1 RHEED of chemically etched CdTe

3l



Fig, 3.2 RHEED of CdTe cleaned with atomic hvdrogen at room temperature for 30 min



Fig. 3.3 RHEED of CdTe cleaned with atomic hydrogen above 80°C for 20 min



34 Preliminary AFM Investigations

An AFM investigation of the as-received substrates indicated an atomically smooth
surface with an rms, surface roughness of less than (.5 nam. However. this surface was most
likely due to a microscopically-thin disordered laver resulting from residual polishing damage.
Ihe surface tended to "smear” under the AFM probe tip, resulting in movement of matenal. B
comparison, this smearing effect was never seen on epitaxial CdTe or etched CdTe surfaces,

Fig. 3.4 is an AFM micrograph of a typical (100) CdTe surface after the chemical etching
procedure, It indicates a highly textured surface at the microscopic level, with features 50 nm in
height and an rms, roughness of 4 nm. Similar roughness was observed for (211 )B-oriented
substrates. After a typical thermal treatment. AFM measurements stll indicated a very rough
surface, while AFM examination of the surface of substrates cleaned above B0°C with atomic
hydrogen indicated a microscopically-flat, featureless surface with an rms. surface roughness of
less than 0.5 nm.

3.5 Mechanisms

I'here are two primary candidates for surface oxides on CdTe. The first is CdTeO,, and

H

the second is Te(), which is the oxide formed with the tellurium overlaver.™"' Removal of

these oxides using atomic hvdrogen may proceed by reactions of the form:

Cdlel), = 6H —» CdTe + J-HL.L'IT (3.1}

TeQ,+4H -+ Te+2H,0 T (3.2)
Reaction (2) has the potential to leave behind a Te overlaver., This 1s consistent with RHEED
which indicates the presence of a Te-overlayer after chemical etching, [t is believed that the

following mechanism is also important for atomic hvdrogen cleaning of CdTe:



Fig 3.4 AFM of chemically etched CdTe. The micrograph represents an ares of 3um x 3 um and
has a z-scale of 50nm
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Te+2H — TeH> T (3.3)

To test the possibility of the latter mechanism, a polyerystalline Te laver of about 30 A thickness
was deposited on a silicon substrate, At 80°C. this layer was removed by atomic hyvdrogen
iradiation in about 300 s, indicating a Te etch rate of 0.1 A/sec. Compared to the previously
calculated arrival rate for stomic hydrogen, this corresponds to about a 4% efficiency in the use
of atomic hydrogen. possibly limited by a kinetic barrier due to the need for two hydrogens to be
available at a given Te atom for removal,
3.6 Etch Rates

We have not been able to directly measure an etch rate for CdTe (or ZnTe) due 1o atomic
hydrogen by either direct exposure of thin lavers deposited on silicon substrates or by
observation of RHEED oscillations. However, etching must be possible as indicated by the
smaothing of textured surfaces. An upper bound for the CdTe etch rate can be inferred from the
difference in the CdTe growth rate observed when grown with and without the presence of
stomic hydrogen. CdTe grown under an mtomic hydrogen flux of 2 = 10" Torr exhibited a
consistent decrease in growth rate of about 0.1 A/s. which is comparable to the Te removal rate.
The tairly rapid smoothing of the rough. as-etched CdTe surfaces may indicate that atomic
hydrogen is more effective al etching three-dimensional structures since edge sites will be more
reactive. Temperatures of 80°C or above may be required to thermally-desorb residual Cd, as
there are no stable, volatile hvdndes of Cd. Exposing thin ZnTe/Si epilayers to atomic hydrogen

also indicated etch rates less than 0.1 As.
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4. Cleaning of HgCdTe for CdTe passivation

4.1 Bag unil

One of the most common applications of HgCdTe is its wse in infrared detectors. Before
fabrication of a HgCdTe-based device. however, a passivation layer must be deposited on its
surface. CdTe has been shown to be an effective surface passivation layer for HgCdTe,
Although, unless the CdTe laver is grown as part of a heterostructure. it must be deposited after
the HgCdTe surface has undergone exposure to air and/or chemical eiching. This allows the
formation of an oxide layer, and possibly an amorphous Te laver, which must be removed prior
10 CdTe growth.

Typical thermal oxide removal requires temperatures above 180°C in vacuum. Such
wemperatures can degrade the HgCdTe surface. It follows logically from the results of the
previous chapter that HgCdTe might also exhibit a smooth, stoichiometric surface after cleaning
with atomic hydrogen at low temperatures. Therefore. the thrust of this chapter is to show that
oxides and other surface contaminants can be removed from HgCdTe at low temperatures by
cleaning with atomic hydrogen.

4.2 Surface Preparation

I'he liquid phase epitaxy (LPE) Hg, ,Cd, Te samples (with x ~ 0.2) used throughout these
studies were provided by [1-V1, Inc. (Saxonburg, PA) and had been chemi-mechanically polished
o remove surface features related to the LPE process. Prior to insertion into the MBE system,
the LPE lavers were degreased and then etched for five seconds in 0.5 % Br:methanol. Upon
removal from the Brimethanol, the sample was rinsed with methanol while being transferred to
the first of two one-minute methanol baths, The sample was constantly agitated while

submersed. Again the sample was nnsed with methanol while being transferred to the second
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bath. After removal from the second bath the sample was rinsed a final time and then
immediately blown dry with high purity nitrogen gas.
4.3 ing Hvdrogen Cleani

The effect of atomic hydrogen cleaning was investigated at both room temperature and at
clevated temperatures.  Initial studies performed in the MBE svstem using RHEED were
reported at the 1996 U, 8. Workshop on the Physics and Chemistry of 11-V] materials in Las
Vegas, Nevada and published in the Journal of Electronic Materials, and are recounted here. ™

Results were similar 1o that observed for CdTe. Fig. 4.1 contains the time-evolution of
RHEED patterns observed for cleaning at near room temperature (the sub-ambient temperature
15 due to the liquid N, shroud) and 80°C. As discussed in Chapter 2, the substrate temperature
wiis not constant during the “room-temperature” experiments. The definition of the “room-
lemperature  scans is that there is no power to the heater. and so any temperature change comes
solely trom the radiant heat of the tungsten filament in the hydrogen source. While the substrate
15 exposed to the filament for longer amounts of time the substrale temperature s constantly
rising, and so the temperature quoted for a particular image is the temperature ot the time the
scan was taken,

Fig. 4.1a shows the diffuse pattern characteristic of as-prepared HgCdTe. A brief
= 3 minute) exposure to atomic hydrogen eliminated most of the diffuse scattering and rings
while raising the temperature of the HgCdTe to about 10°C, The RHEED then consisted of a
highly irregular spot pattern, indicative of a rough surface with a possible partially
palvervstalline overlayer.  Only after 60 minutes of exposure 1o atomic hydrogen, which

produced a substrate temperature of -30°C, did distinet RHEED patterns emerge, indicating
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removal of the oxide overlayer. As shown in Fig. 4.1¢, the patterns remained spotty, indicative
of & rough surface, and there is still diffuse scattering. Raising the sample temperature to 80°C
dramatically changed the process. Again, a brief exposure to the hydrogen source appeared to
remove an initial oxide laver. In contrast to the “room-temperature” etch, a well-defined two-
dimensional (2-D) pattern exhibiting sharp streaks was observed afier a 20 minute exposure, as
shown in Fig4.1d. Continued exposure to atomic hydrogen eventually resulted in the evolution
of the streak patterns into the ordered 3-D spot pattern similar to that obtained for extended
exposure at ~30°C
4.4 AFM Investigatio ivation

AFM examination of a HgCdTe surface cleaned with atomic hydrogen and exhibiting a
RHEED pattern similar to that shown in Fig. 4.1d indicated a microscopically-smooth surface
with an rms. surface roughness less than 0.5 nm. with a suggestion of monolayer steps. A
representative AFM mlr:mgn;ph 15 shown in Fig, 4.2. CdTe grown at 80°C on such a surface at
a rate of 0.1 pm/hr (using a single effusion cell) maintained the sharp, sireaky RHEED pattern,
as inchcated by Fig. 4.3, The resulting CdTe epilayer surface exhibited the same atomic-level
smoothness when examined by AFM, Fig. 4.4, again with an rms, surface roughness less than
0.5 nm.” This demonstrates that atomic hydrogen can be used to obtain a HeCdTe surface
suitable for low-temperature epitaxial growth of CdTe.

As stated earlier, Luo et al."” have demonstrated that atomic hydrogen can be used for low
temperature oxide removal and cleaning of CdTe while preserving surface stoichiometry. Since
the smallest shifts in composition will greatly change the operation of a fabricated device, it is

very important that the stoichiometry of the HgCdTe be maintained during cleaning, Therefore,
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AFM of HeCdTe cleaned with atomic hydrogen at B0°C for 200 min

micrograph represents an area of 2 x 3 pm and has a z-scale ot [0 nm

[ T2



Fig 4.3 RHEED of a 0.3 um film of CdTe grown on a hydrogen cleaned HgCdTe

substrate



Fig. 4.4 AFM micrograph of a 0.3 um CdTe laver deposited on a hydrogen cleaned
HgCdTe substrate. The micrograph represents an area of 2 x 3 um and has a z-
scale of 10 mm.
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an experniment was performed to look for stoichiometric changes in HeCdTe during atomic
hydrogen cleaning.
4.5.1 Background

In order 1o better understand the processes occurring during stomic hydrogen etching, a
series of ewch experiments which allowed XPS measurements as a function of etch lime were
performed in the second system described in Chapter 2. The composition and chemical state of
the surface were determined by monitoring the Te 3d.., Cd 3d,,. and Hg 4f.. photoelectron
peaks, Surface composition was determined in a standard manner’ using peak areas and
clemental sensitivity factors established by Nitz er o!." and subsequently discussed by Christie ef
al." A detailed discussion of the denvation can be found in Appendix B. In addition a complete
analysis of XPS data for hydrogen cleaning at 50°C and 80°C can be found in appendix C.
4.5.2 Analysis Technigues

The peak arcas were initially determined using the VGX900 software. The software
oputomatically fit the data with a combination of Gaussian and Lorentzian curves, then used this
fit to report the area under the curve as well as the peak positions. These areas and positions are
a good approximation. but upon careful inspection one will notice flaws in the software’s
approach.

For instance, it will be shown that the tellurium curve shifts during cleaning. The
VX900 software tended to report this as a single peak that shifted up in energy as the etch time
mncreased. However. it is more realistic to think of this case as two neighboring peaks. where one

dominates over the other. Then as time progresses, the smaller peak becomes more prominent.,

44



e

until it begins to dominate and suppress the larger one. Fitting this particular curve with two
peaks instead of one. leads 1o a noticeable change in area, and also slightly differemt peak
POSITNS.

Another noticeable problem with the YGX900 software is its inability to fit curves that
are either short and broad, or just slightly above the background, The tellurium oxide tends to be
just such a feature. In some cases looking only at the numerical data from the VGX900 software.
ome might be led to the conclusion that there is no oxide on a particular substrate. However, if
instead one looks at the plot of the raw data, they would notice a definite feature above the
background. Surpmsingly, the opposite scenario can also take place. For instance., on one
occasion the software reported a tellurium oxide peak as being 1/3 the area of the 1ellurium peak,
and inspection of the raw data clearly showed that this was not the case. 1t is for these reasons
that Jandel Scientific’s Peak Fit program was used to reanalyze the data.

As was alluded 1o earlier, each substrate has a series of XPS scans as a function of time.
Each scan was individually entered into the Peak Fit program. Next. a linear baseline was
chosen to best fit each portion of the data. Then the curves were fit using a combination of
Gaussian and Lorentzian curves. The cadmium and mercury scans were relatively easy to fit
because there was no associated oxide with these peaks. Therefore the focus of this discussion
will be the tellurium and tellurium-oxide peaks.

Fig. 4.5 is the first of a series of graphs of a tellurium scan as it is being fit In order 10
get the best fit, while remaining consistent over a series of scans taken of the same substrate, the
last scan taken is analyzed first. An initial assumption is made, that the tellurium peak is made
up of only the tellurium peak associated with the binding energy of tellurium in a HeCdTe

matrix. {Later this will be shown to be a valid assumption.) For this reason. the left curve 1s fit
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with only one peak. The peak is found to be centered at 572.3 eV, therefore this value is now
used as the binding energy of tellurium in a HgCdTe matrix. (Two additional parameters are
given to describe the peak, the width and the shape. It is noted that these numbers are monitored,
and fixed so that associated peaks will not differ in width or shape. For the sake of brevity this
will not be noted again.) The next peak to the right is the sateflite of the 3d, ., peak, and is located
| $ eV from the 3d., peak at 574.3 V. As shown n Fig. 4.5b, these two peaks appear 10
account for all of the signal above the background. and this will be proven after further analysis.

The next scan to be analyvzed is the one taken of the substrate after only the bromine etch.
I'his scan contains the Te oxide, as shown in Fig. 4.6a. Since the peak position for tellurium in a
HgCdTe matrix 1s now known. the first peak can be fixed at 572.5 ¢V. Also, the satellite
associated with the 3d,, pesk 15 placed 1.8 eV to the right of the 3d,, peak. at 574.3 eV. These
two peaks, however, do not account for all of the scan, so additional peaks are added for the
tollowing reasons. RHEED indicates metallic tellurium exists at this point, so another peak is
placed about 0.6 eV higher than the first tellurium peak. Again there will be a satellite from the
i, . oxide peak located near 574.9 ¢V, Finally we will put in peaks for the tellurium oxide and
i1s associated satellite.  All of the peaks are now allowed to adjust their amplitude 1o best fit the
data. In addition, the four new peaks are permitted to adjust their positions, since there are no
conerete positions for these peaks vet.

When the fit for the curve is obtained, the positions for the six peaks are defined. These
peaks can now be used to fit all of the other graphs in that set. This includes showing that the

linal scan 15 devond of metallic Te, as well as the oxide, as shown in Fig. 4.7,
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4.5.3 Oxi ; ium Overlayver Remova

Fig. 4.8 shows a series of Te 3d,, photoelectron spectra for increasing exposures to
atomic hydrogen. These spectra were obtained from a substrate etched at 80°C, but they are
similar to those obtained for pear room temperature. The t = 0 spectrum is typical of all Br-
methanal etched samples analvzed in this study, The photoelectron peak at 576.3 ¢V has been
previously associated with Te in the oxide siate, while the peak at 572.7 ¢V is a combination of
two peaks centered at 572.5 eV and 572.8 eV. The first peak is associated with tellurium in a
HizCdTe matrix” and is the smaller of the two peaks. The second peak. which dominates, is
associated with metallic tellunum.™™  As the etch proceeds, the peak centered on 372.5 eV
begins 10 dominate, and by the end of the etch, the metallic tellurium peak is completely
suppressed. The corresponding Cd 3d., and the Hg 41, photoelectron spectra did not exhibit a
charactenistic oxide peak. and indicated binding energies consistent with values reported for
CdTe and HgCdTe, which are 403.2 and 100.2 eV respectively. ™" Combined with the prior
discussion of RHEED, these results supgpest that the Br-methanol etch leaves behind a thin
amorphous-Te overlayer which is oxidized in transit to the XPS system. After a five minute
exposure the oxide peak is dramatically reduced, however it is not completely gone, which is
consistent with the reduction of diffuse scattering seen in RHEED.
4.5.4 Oxide Thickness

An estimate of the oxide thickness can be obtained from the ratio of the oxide-Te and Te
peaks” from the 1 = 0 spectrum in Fig. 4.8. (For further explanation see Appendix B.) For all
the Br-methanol etched samples analyzed here, the thickness was estimated to be on the order of

0.3 nm. That is, the oxide appears to be on the order of only a monolayer or less in thickness
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['his result applies to samples which had been exposed to the aimosphere for several days before
being loaded into the UHV system as well as samples transferred as rapadly as possible
(~20 minutes) into the svstem. Oxide formation appears to be self-limited due o both the low
diffusion of the oxide constituents into the near surface layers and to a relatively low number of
reactive surface sites on a Br-methanol etched surface. Using this thickness (0.3 nm) and etch
times to remove the oxide determined from both RHEED and XPS, approximately five minutes,
we estimate an oxide etch rate of (16 Aimin,

4.3.5 Stoichiometry

There is alwavs concern that the use of atomic hydrogen may lead 1o non-stoichiometric
etching of HegCdTe. ™" We performed ex-situ reflectance measurements to look for gross shifts
in stoichiometry due o hydrogen etching. ™" The E, reflectance peak is characteristic of
HeCdTe composition.” and probes a region approximately 100 to 200-nm thick. Measurements
of the E, reflectance peak before and after atomic hydrogen cleaning were identical within
instrumental resolution, as seen in Fig. 4.9, indicating that any stoichiometry change over the
depth probed by this measurement is less than Ax = 0.01.

The near-surface case as probed by XPS, however, is quite different. Fig. 4.10 shows
tvpical changes in the surface composition indicated by XPS as the stomic hydrogen etch
proceeds. In all cases, an increase in the surface concentration of Cd, typically from an x-value
of 0.2 1o (.6, was observed following the removal of the oxide overlaver. With continued
etching, the Te decreased slightly to a relatively constant value which was typically within a few
percent of its imitial concentration, while the Hg decreased to a value significantly lower than
cither s initial or nominal bulk concentration. The relative atomic concentralions

approximately indicated one Te for each remaining Hg and Cd, implying Te removal as well as
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Hg removal. In all cases, the steady state composition of the atomic hvdrogen-etched HeCdTe
surface was HgTe depleted, and reached a himiting x value of 0.6 after -~ 40 minutes.

The data shown in Fig. 4.10 were obtained for a substrate etched at 80°C. Analyses for
substrates etched near room temperature produced similar results with any differences being
traceable w differences in bulk composition or the initial composition of the oxide Te overlayers.
This is not surpnising recalling the substrate block temperature was observed to rise w 30°C
durnng “room-temperature” etching.

4.6 Mechanisms

Surface oxides on CdTe have been reported to contain TeO. or CdTeD,. "™ I is believed
that similar oxides are present on HgCdTe. Removal of these oxides may proceed by reactions
similar to those given in Chapter 3 as equations 3.1-3.3. Again reaction 3.2 has the potential 1o
leave behind a Te overlaver, and both XPS and RHEED indicate the presence of a Te-overlayer
after chemical etching. Therefore, it is believed that the equation 3.3 is also imporiant for atomic
hvdrogen cleaning of HgCdTe.

A reaction involving breaking the relatively weak HgTe bond must also occur since
Hg Te depletion is observed in the near-surface region. Schematically, we could write:

HeTe+2H— Hg T + TeH, T (4.1)
where the Hg 15 thermally desorbed. Since the Te is actually in a HgCdTe matrix and 15
potentially bonded to a Cd, this mechanism should be quite sensitive to alloy composition and
depth. Indeed. the steady-state composition we observe after extended atomic hydrogen
exposure may be due to the extraction of all the I'e bound primarily to Hg. That is, sieady state

i5 attained as the etch produces a composition that is resistant to further HgTe bond breaking and
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removal. We have no evidence for Cd extraction. One possible measure for the removal of Cd
in conjuncton with mechanism 4.1 would be the 1otal etch rate.
4.7 Etch Rates

We attempted 10 measure an etch rate for HgCdTe as follows. The Norwegian Defense
Research Establishment, in Kjeller, Norway, under the direction of Dr. Stian Lovold, provided
three HgCdTe lavers grown by MBE with x-values of 0.24, 0.32 and 0.48. The lavers had been
etched in a Br-based solution, and then patterned with a dense array of small photoresist dots,
This pattern is magnified and shown in Fig. 4.11. The samples were inserted into the MBE
system and exposed o an atomic hydrogen flux for 60 minutes a1t B0°C. Afier stripping the
photoresist, the panterns could still be observed using a differential interference-contrast (DIC)
microscope, as shown in Fig. 4.12. If steps were present, however, they were too small to be
measured optically or with a surface profilometer. The samples were then examined using
AFM. The only discernible features were infrequent photoresist remnants that marked the
position of the dots. Fig. 4.13 shows that no measurable step height could be detected above the
background rms. surface roughness of 2.5 w0 2.9 nm. This indicates a step height of less than
5 nm. and a resulting HeCdTe etch rate of less than 0.05 Assec. The pattern observed with the
DIC microscope was probably due to surface stoichiometry changes occurring with atomic
hvdrogen cleaning.
4.8 Stability of the Oxide on HgCdTe

Several experiments performed in this study indicated that the oxide present after the Br-
methanol etch is relatively unstable. In one expeniment, two samples were exposed to the

hydrogen-source filament without hvdrogen gas being introduced into the chamber, one in the
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Fig. 4.11 Magnified (1750x) picture of the HgCdTe patterned with photoresist provided by
the Norweigen Defence Research Establishment,
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Fig. 4.12 Nomarski interference photographs of the photoresist pattern lefi after
hydrogen cleaning and a subsequent acetone dip. (Magnification: = 800.)
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Fig. 4.13 AFM micrograph of F'|11_'|_[-;_':|‘|H|J_ HeCdTe afler atomic hydrogen cleanmng and

photoresist stripping. The white line across the micrograph indicates the path ol
the lateral scan underneath, and the triangle correspond to the locations where an
etch step would occur if the HgCdTe had been etched by atomic hydrogen
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XPS chamber and one in the growth chamber. XPS and RHEED data for this experiment are
presented in Table 4.1, Table 4.2, Fig. 4.14, and Fig. 4.15. The XPS data in Table 4.2 clearly
shows that the oxide thickness does decrease after 30 minutes of exposure to hvdrogen gas, and
decreases again after 30 minutes of exposure to the filament. Similarly, the diffuse scattering in
HHEED associated with oxide is gone afier | minute of exposure to the filament. Diffuse
scattering is best observed near the edge of the RHEED sereen, away from the main pattern.
Ihus, this effect 15 not clear in Fig. 4.15. Indeed, the surface of the sample whose RHEED is
shown in Fig. 4.15b was more ordered and had less diffuse scattering than was typically
observed. Mote that, in this atypical case, there are also ordered streaks indicating that a part of
the surface may indeed be free of overlayers. Continued exposure to the filament, approximately
* munutes, began to transform the pattern of lines into an imegular spotty pattern. which is
believed 1o be a charactenstic of a Te overlaver, as shown in Fig. 4.15¢. After 25 minutes the
iregular pattern shown in Fig 4.15d indicates that the Te overlayer cannot be removed by
filament exposure alone. Resulis in the XPS system also indicated that the Te overlayer had not
been removed, as the spectra still showed a peak with the metallic Te binding energy. The
samples in each case were eventually exposed to atomic hydrogen. In the XPS expeniment the
le overlaver was readily removed as seen by the disappearance of the metallic Te peak.
Similarly. the RHEED pattern began to come back afier only one minute of exposure 1o atomic
hydrogen, however it indicated a rougher surface than was seen with a typical hydrogen cleaning
procedure,

The desorption mechamism could involve thermal. photon, or electron-stimulated
processes.  Alternatively, oxide removal mayv occur simply as the result of etching bv atomic

hvdrogen produced from the residual gases of the system. Several of these possibilities were
)]
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elimminated on the basis of relatively simple expenments. Thermal desorption was ruled out by
annealing an oxide-containing surface #t temperatures of 80°C, 100PC, and 120°C without
removing the oxide. Electron-stimulated desorption was ruled out by observing that the
hydrogen source filament-to-substrate current was a factor of 40 lower than the photo-emission
current produced during XPS analvsis (under which condition the oxide overlaver was siable).

LUin another occasion, the as-chemicallv-etched substrate was allowed to remain in the
analysis chamber for approximately 48 hours without heating after the as-eiched surface had
been analyzed indicating a typical TeQ) peak. Subsequent XPS analyvsis revealed that the oxide
was desorbed during this period which indicates that the oxide is unstable in vacuum.

Preliminary investigations in the MBE system indicate that photo-stimulated desorption
may be the underlying mechanism for oxide removal without atomic hydrogen. The output from
a 100-W wungsten-halogen lamp was filtered to pass only 400 to 700-nm light and focused on the
HgCdTe laver. The as chemically-etched substrate exhibited diffuse scattering observed with
RHEED and associated with the oxide overlayer as shown in Fig. 4.16. Fig. 4.17 shows that this
cool illumination was found to eliminate the diffuse scattering. However. continued exposure to
the light did not degrade the surface of the HgCdTe, as shown in Fig. 4.18 which had been
exposed to the white light source for over an hour. In this case, the sample surface appeared (o
have improved enough with just light exposure that a decision was made to deposit CdTe.
Fig. 4.19 is a RHEED pattern of this CdTe layer, exhibiting quite a reasonable pattern. [t 15
noted that this difference, ie. The lack of evidence for a Te overlayer. could be due to the
improved polishing process used on these newer HgCdTe pieces. This effect will be the topic of

a future study planned for this summer. The Norwegian Defense Rescarch Establishment in




Fig. 4.16 RHEED of as-etched HgCdTe.



A7 RHEED of HeCdTe exposed to white hght source for 3 min
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Fig. 4.18 RHEED of HeCdTe after over an hour of exposure to a white light source
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Fig. 4.19 RHEED of CdTe deposited on HgCdTe exposed only to a white light source,
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Kjeller, Norway has invited both Dr. T. Myers and me to visit their laboratory and study the
eftect of atomic hydrogen cleaning on MBE-grown HgCdTe. MBE materials do not require any
polishing, and therefore the study will have a further element of control.
4.9 Other Types of Oxide

There 15 also evidence that oxide can occur in more than one chemical state on HgCdTe.
In one hydrogen elching experiment, it became necessary to re-expose the HgCdTe sample to
stmosphere tor 3 hours after the oxide-Te peak was removed (i.e. after a S-minute atomic
hvdrogen etch at room temperature). When this surface was re-analyvzed, a more intense oxide-
Te peak was observed.  As indicated in Fig. 4.20, Table 4.3, and Table 4.4, this new oxide layer
was twice as thick as typically observed on the Br-methanol eiched samples. [t is noted in
passing this spectra is more typical of what has been reported in the literature. This thicker laver
may have been due w an increase in the number of reactive surface sites produced by surface
rivughening during this stage of the atomic hydrogen etch. This is consistent with spotty/diffuse
RHEED patterns obtained during the imitial stages of atomic hydrogen eiching.  Alternatively.
this increase in oxide formation may be caused by more of the underlying HgCdTe matnx being
exposed for oxidation. Interestingly, after the air exposure the Te photoelectron peak binding
energy was consistent with only metallic Te. [t appeared that all the Te in a HgCdTe matnx
went o forming the oxide. On only this sample the oxide peak also appeared to be compaosed of
maore than one photo electron peak. This paricular oxide was also more resisgant © atomic
hvdrogen etching, with an eteh rate that vaned with thickness. The initial removal rate was (.23
Umin. close o a factor of two slower than vpical for all Br-methanol ewched samples. slowing
to & rate of 0,13 A/min. Both results indicate that there may indeed be more than one type of

oxide formed on a HgCdTe surface. depending intimately upon prior surface treatment.
T
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4.10 Prelim ~Devi S

A set of three LPE HgCdTe lavers were etched and exposed 1o atomic hydrogen until a
streaky 2-13 pattern was oblained. Approximately 0.25 pm of CdTe was then deposited ot 30°C
at a rate of 0.1 pm'hr, The samples were sent for processing into Hg-diffused devices at
Lockheed Marin Microelectronics Center (Nashua, NH). The time between the CdTe
passivation step and further processing was longer than six months due to corporate mergers and
shifting of laboratory egquipment from Syracuse, NY o Nashua, NH. Even so, the processing
resulted in >99% vield of working devices. The resulting average R, A values were B, 18, and
678 (2 em’, for cut-off wavelengths of 9.9, 8.3, and 8.1 pm. respectivelv. This can be compared
to the results for a control that underwent standard processing in the same "lot”, 55 £2 em” and
9.7 um. The lower values for the devices fabricated using atomic hydrogen-cleaned HgCdTe
may be due to the long ambient exposure {including couner mail shipping) spent between CdTe
deposition and other processing. a major departure from the standard diffused diode process.
The results are encouraging and additional LPE samples cleaned with atomic hydrogen will be
processed in the near future. |mportantly, the resulis of this first process lot indicate that use of

atomic hyvdrogen may indeed be a viable approach to low temperature oxide/overlaver removal.
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5. Cleaning of GaAs for ZnSe and CdTe Deposition
%1 Background

For MBE growth of ZnSe on GaAs substrates, the final step prior to growth is often a
thermal cleaning at temperatures ranging from 380 to 630°C to remove the native oxides. ™"
However, the resulting GaAs surface after this treatmemt exhibits a Ga-rich surface
reconstruction.  This gallium-rich surface can lead to the formation of Ga,Se, at the interface™
which can then serve as nucleation sites for stacking faults. Either heating the substrate under an
As-flux or the growth of GaAs epilavers prior to ZnSe growth has been shown 1o improve the
interface quuiitg.'.ﬂ'” A recent study by Kuo ¢f af. indicates that stacking fault densities less than
10" em™ can be obtained through a combination of GaAs epilayver growth followed by Zn
reatment of the surface prior to ZnSe growth.' A disadvantage of this approach is that a
separate growth chamber is required tor the GaAs epilaver deposition to minimize the potential
for cross-contamination,

Of interest here is that several studies have demonstrated an As-stabilized GaAs surface
after momic hydrogen cleaning at substrate temperatures between 360 and 400°C*™"  Prior
studies have indicated that such an As-stabilized surface is crucial to a high quality £nSe/GaAs
mterface.” A former student in this lab, Dr. Zonghai Yu, performed experiments involving
growth of ZnSe on GaAs substrates, and his work is presented here as a precursor 1o the work
done involving CdTe growth on GaAs. ZnSe films were grown on semi-insulating, (100)-
oriented GaAs substrates using high purity (TN) elemental Zn and S¢ from conventional MBE

furnaces (EPI). The 2 um-thick lavers were grown at 230°C and 300°C with uncorrected Zn-to-




Se beam eguivalent pressure (BEP) ratios ranging from 0.5 to 1.5, Doped lavers were grown on
an undoped 0.4 pm thick buffer layer.
5.1 Substrate Preparation

The substrates were imitally rinsed in flowing DI H,O for five minutes. After being
blown dey with high purity nitrogen gas. the substrates were etched in a Ha504:H202:DI H2O
(8:1:11 solution for 5 minutes at room temperature and rinsed in flowing DI H,O for 5 minutes.
The substrates were then blown dry with nitrogen gas. Prior to growth the substrates were
thermally-treated in vacuum in onc of two ways. The more conventional treatment involved
heating to 380°C for between ten to twenty minutes followed by cooling to the growth
temperature,  Under the other treatment, the substrate was heated to 360°C and exposed to
miomic hydrogen at a system pressure of 2 = 10” Torr BEP for 20 minutes, at which point the
hydrogen flow is cut off and the substrate 1s cooled to the growth temperature.

The sample surface was monitored by RHEED during cleaning and growth. Fig. 3.1a1s
a tvpical RHEED pattern of a (100) GaAs substrate without im-sife cleaning. The RHEED
pattern exhibits rings and a spotty pattern indicative of an oxide overlayer. The conventional
preheat led 1o a Ga-rich surface, indicated by a weak (4x2) surface reconstruction which became
rough if the heating continued 100 long. As shown in Fig. 3.1b, the diffraction pattern intensity
was not strong, and remained spotty. indicating a rough surface. Subsequent ZnSe growth on
this surface did not become two-dimensional (2D) until 10 seconds after growth imtiation. The
stomie hydrogen cleaning step resulted in an As-stabilized surface, indicated by observation of a

weak (2x4) surface reconstruction pattern. A typical bright, streaky RHEED pattern of such a
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(b)

Fig. 5.1

1100] [110]

RHEED of the [100] and [110] azimuths of GaAs (a) as eiched, (b)
thermally cleaned (~380°C), (¢) and cleaned with atomic  hydrogen
(~-360°C)
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surface is shown in Fig. 5.1c. Note also the presence of the Kikuchi lines. ZnSe layers grown
on this surface resulted in a 2D growth mode immediately after growth initation. [t is noted in
passing that a thermal cleaning under a molecular hydrogen flux was attempted with the cracker
turned off, which yielded results similar to the conventional preheat and required a temperature
of 380°C 1o obtain oxide removal.

5.4 ZnSe Deposition

5.4.1 Effect of Atomis Hyd Cleani

Two tvpes of stacking fault defects are observed in ZnSe films grown on GaAs substrates
as studied using transmission electron microscopy (TEM)."" These are the same type of defects
that have also plagued growth of CdTe and HgCdTe on the (100) orientation. ™™  Frank-type
stacking faults, which are bound by Frank partial dislocations. appear as triangular-shaped twin
taults. Shockley-type stacking faults, which are bound by Shockley partial dislocations, are
more line-shaped. The radiative efficiency is lower in the region of the stacking fault. allowing
the use of techniques such as cathodoluminescence (CL) to image the defects.” "™  Optical
fluorescence microscopy can also be used to image these stacking faults. An Olvmpus BX60M
microscope was uséd with a standard biological fluorescence attachment utilizing a 1K W Hg
lamp as the excitation source, resulting in a much simpler system than that required for CL.

Fig. 5.2a is the fluorescence micrograph of a ZnSe film grown on GaAs substrate with
conventional thermal cleaning. The dark features are non-radiative regions due 1w stacking
faults, with the short line-shaped features ascribed to Shockley-type stacking faults and the
larger triangular-shaped features to Frank-type stacking faults. These images are very simular 1o

those observed under TEM." The density of both types of defects was determined to be greater

TR




(b)

Fig 5.2 UV florescence micrographs of two different ZnSe films grown on GaAs
representing an arca of 125 = BB wm.  In (a) the GaAs was thermally
cleaned, and in (b) the substrate underwent atomic hydrogen cleaning.



than 107 em™ by simply counting the number of stacking faults in the field of view, Fig. 5.2b
shows a typical fluorescence micrograph of a ZnSe film grown on a GaAs substrate cleaned with
atomic hvdrogen. A significant reduction in defect density 15 observed. The dark features
associated with the stacking faults were isolated and difficult to find on these layers. The
density of both types of stacking faults was conservatively estimated to be less than 10 em™ by
direct observation. This is comparable to samples grown after the more complex approach of
growing a GaAs buffer layer followed by a Zn pre-treatment. A significant difference was not
observed for the two different substrate temperatures (250°C and 300°C), the presence of
mitrogen-doping, or the growth-flux ratios investigated.

5.4.2 Effect of £n Pretreatment

After the completion of Dr. Yu's study, the effect of the Zn-pretreatment in addition 10
hvdrogen cleaning was studied. After typical hvdrogen cleaning, the substrate was lowered o
the growth temperature of 300°C. Once the substrate temperature settled. the Zn oven was
opened for approximately ten seconds. After that time the Se oven was opened and growth
commenced.

It was shown that the Zn pretreatment further improved the ZnSe film by reducing the
number of defects. Photoluminescence (PL) experiments were performed by Monica Moldovan
in Dr. N. Giles” lab at WVU comparing ZnSe films grown with and without the Zn-pretreatment.
M. Moldovan et al reported the results at the 1997 US Workshop on the Physics and Chemastry
of [-V1 Materials.” Fig. 3.3 shows a low temperature (4.8K) PL spectra of two ZnSe films
grown under the same conditions, the only difference being that (a) was grown without & Zn pre-

treatment, and (b) was grown with a Zn-pretreatment.” The so-called I, line at 2.775 eV, which
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Fig 5.3 PL of ZnSe at 4 3K showing the reduction of the Iy line in sampies (b) with a Zn
pretreatment, as opposed to those (a) without a Zn pretreatment.
( Taken from Ref 39)
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15 very prominent in the sample grown without the Zn pretreatment. has been attributed (o
selenium-site-related defects.™"'  Plot (b)'s scale is magnified compared to that of (a) to
demonstrate the reduction of the [, line due to the Zn pretreatment. Thus, we take the dramatic
reduction in intensity of the |, line to indicate reduced Se-related defects in the film.
5.5

The growth of CdTe is also susceptible o twin-related defects, resulting in a surface
leature often referred to as a "pyramidal hillock™. Thus, CdTe was also grown on {100 })-onented
CiaAs cleaned using atomic hydrogen to investigate if atomic hydrogen cleaning led o a
significant reduction of those features, The CdTe thickness was nominallv 2.0 yum, and the
RHEED of the CdTe film during growth, shown in Fig. 5.4, was streaky during the 300°C
growth, indicating a relatively smooth surface. A picture taken with the DIC microscope of the
hullocks on this sample is shown in Fig. 5.5, The resulting pyramidal hillock density was | = [0¥
cm” which is a factor-of-ten lower than what was previously obtained by my advisor’s group at
Cieneral Electronics Laboratory (Svracuse, WY) on GaAs substrates using conventional thermal
cleaming. This indicates that the atomic hydrogen cleaning leaves a surface appropriate for Cd e
growth as well, This density, 10" cm™, may represent an intrinsic lower limit for twin-related
teatures for CdTe growth, as this is continually seen for (100)-oriented substrates, Indeed, lower
densities are only obtained by using CdTe or GaAs tilted off (100) by as much as 10°,™" or
other orientations such as (211)B."" An interesting follow-up to the present study would be an

investigation of atomic hvdrogen cleaning of such off -axis substrates.




Fig. 5.4 RHEED of CdTe deposited on GaAs
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Hillocks on a CdTe film grown on GaAs. The picture represents approximately

250 = 180 pum, and the approximate density of hillocks

Fig. 3.5
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3.6 Mechanisms

The mechanism for the removal of the oxide layer has been reponted by Yamada er ol
I'here are typically three major components of the oxide layer: Ga.0,. Ga,0 and As oxides.* It is
known that the latter two oxides desorb at lower temperatures (~300°C-400°C) than the Ga,0..
Therefore, it is the Ga, 0, component that requires the high temperatures in the thermal cleaning.
I'he reason this compound can be removed at lower temperatures under atomic hydrogen 1s that
the hydrogen reacts with the (Ga,0, to create the more volatle compound Ga,O through the
{ollowing mechanism,'

Ga,0, +4H - Ga,0 T+ 2H.O0 T

The Ga,0 desorption then leaves the surface devoid of oxides. as well as removing Ga to
produce an As-rich surface. Note that it takes about 20 minutes to remove the oxide layer
although the arrival rate of atomic hydrogen is large enough w provide sufficient atomic
hvdrogen in less than 4 5. The need for four hydrogen atoms to reduce the Ga,(); may be the
factor producing a kinetic limit. resulting in this low efficiency. Even with the low efficiency,

however, this process produces a high quality surface for subsequent growth as detailed above.
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[ i i rGaN D ition
6.1 Background

Wide band gap materials, such as GaN, are of interest for many reasons. First. and most
obyious, because of their use in the blue and uv wavelength ranges. This smaller wavelength
range allows for more compact storage capabilities, as well as full color displays. Secondly this
compound 1s more robust than other semiconductors. [t can operate at higher temperatures and is
resistant 10 most chemical etches.  Finally, electronic properties such as the predicted electron
saturation velocity and potential for low contact resistance™ indicate that GaN will be a more
viable semiconductor for device fabrication than other wide bandgap semiconductors such as SiC
or diamond.

The growth of GaN by MBE has been plagued with many problems. The most
troublesome of these problems is finding a compatible substrate. Manv materials have been
studied as possible substrates for GaN, To date the most commonly used substrate has been
sapphire, mainly because of its availability and simple preparation for growth. Conversely. one
of is biggest drawbacks 15 its lattice mismatch with GaN of ~ 16%. However, if one instead
considers a commensurate lattice where six lattice constants of GaN align with seven lattice
constants of the oxygen sub-lattice of the sapphire, the mismatch is brought down to - 0.5%. In
either case the mismatch is still a considerable barrier to overcome, and the need for the best
possible substrate surfoce is of great importance. Atomic hydrogen cleaning improves the

surface of this substrate for GaN growth by MBE.
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The sapphire substrate is degreased and then etched for ten minutes in a quantz beaker
containing a 3:1 solution of H.S0,;H,PO, This acid is kept ar a temperature of at least 140°C
throughout the etch. The substrate is etched for ten minutes, then the quartz beaker containing
the acid and substrate is transferred into a cooling bath for four minutes. After the cooling bath
the substrate is rinsed in flowing D] H,0 for five minutes and finally blown dry with high purity
MIIOEEN gas.

While completing this study some disparity was seen in the RHEED of as-etched
sapphire, which led to variance in the RHEED of the hydrogen cleaned sapphire, I was
determined that the differences in the sapphire RHEED from day-to-day was due two the poorly
monitored acid temperature in the ex-siftn etch.  This problem became the topic of a new
investigation. The first improvement came with the use of a new hot plate which could approach
higher temperatures with more accuracy. The second improvement was the implementation of o
teflon-coated thermocouple which could be used to measure the acid temperature directly.
instead of the plate temperature which tends to be at a hotter temperature due 10 thermal losses in
the beaker.

In order to determane the minimum acid temperature for a ten-minute etch, several pieces
of sapphire were chemically-etched using the process above. Fach siep of the process but one
was identical for each substrate. The only difference was the temperature of the acid during the
etch, which was measured with the teflon-coated type-K thermocouple held in the acid, without

touching the sides or bottom of the beaker. After being transferred to the system the substrates
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were cleaned with atomic hydrogen and monitored with RHEED. Fig. 6.1a shows the RHEED
of a sapphine substrate etched at an acid temperature of ~ 110°C, When compared with Fig. 6.1b,
which 15 RHEED of a sapphire substrate étched at an acid temperature of ~ 140°C, it is noted thai
6.1b 15 much brighter, appears 1w have less contaminants on the surface, and also has a ring of
spots.  These spots are associated with the first order Laue zone. therefore they are only seen on
very flat two dimensional surfaces. These results showed that an acid temperature of at least
40°C for a 10-min etch time 15 crucial to achieving the best possible diffraction pattemns.
6.3 RHEED During Hydrogen Cleaning

Imitial RHEED of the eiched sapphire shows a diffuse background, Fig. 6.2, once again
indicative of contaminants on the surface. After a 15 minute treatment with hydrogen, the
scattering disappears, and the surface exhibits a smooth two-dimensional surface with Kikuchi
[ines as shown in Fig. 6.3
6.4 GaN Deposition

Subseguent GaN films have been grown on these layers. However, there are a number of
unanswered questions concerning the growth process, so many that it would be out of the scope
of this thests to go into great detml on this subject. Therefore only a rather brief description of
some of the problems will be outlined here. One of the first problems plaguing researchers is the
importance of a nitrided substrate. The ability to produce and the need for a nitrided substrate 15
one of the current problems being addressed by this lab, Another 1ssue is the requirements of the
initial buffer layer, The partial pressure of gallium, and the nitrogen plasma’s power and flow
setiings, as well as the substrate temperature and growth time are all integral to the quality of the

buffer layer and GaN film. AFM images of these {ilms typically reveal a rough surface. This
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Fig. 6.1 A RHEED comparison of sapphire substrates chemically etched at two different
acid temperatures (a) ~114°C and (b) ~143°C. Note the ring of spots near the
edge of the pattern in (b) that 5 not present i (a).
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Fig. 6.2 RHEED of chemically etched sapphire,
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Fig 6.3 RHEED of sapphire after hydrogen cleaning
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surface roughness tends 1o be related to the parameters surrounding the buffer laver and film and
not the substrate preparation. TEM measurements performed by Linda Romano at Xerox. in
Palo A, Califorma, show the presence of inversion domains.™ Again these defects are
attributed to growth processes and techniques. and not to poor surface cleaning. Due to these
overall 1ssues with the growth process itself, nothing can be said about a direct effect of
hydrogen cleaning on subsequent films. However. bv understanding the removal of diffuse
scattering in RHEED images. and through consideration of the importance of ¢lean stomically-
at substrates for epilayer growth, it is presumed that this process is beneficial o substrate

preparation.




7. Cleaning of Si for ZnTe/CdTe Deposition
7.1 Hackground

HgldTe, as stated previously. is popular for its performance in the infrared wavelengths.
Une device currently using HgCdle is a hybrid IR focal planc array. Presently the
HgCdTe/CdZnTe film is grown, then attached 1o a Si chip containing the integrated circuit.
When the device is employed, the thermal mismatch between the Si and the bulk CdZnTe can
cause the device wo fail ™ [fa CdZnTe or CdTe thin film could be deposited on Si, then used as
a substrate for HgCdTe, the thermal mismatch problem could be minimized.

Since the first study of the growth of CdTe on 8i by MBE."™ high temperature (>800°C)
thermal desorption has been the primary technique for oxide removal” Recently, techniques
have been developed™ for ex-sirm oxide removal from 51 using etchants based on HF. These
procedures result in a hydrogen-terminated surface which is remarkably resistant to further
oxidation, at least on (211) surfaces. The hydrogen can be desorbed in the MBE sysiem m
temperatures of about 330 to 600°CY, leaving a clean. ordered Si surface for subsequent
epilaver growth. This technique has been successfully used for the growth of ZnTe and CdTe
on S0 An alternate, low-temperature approach would be to use atomic hydrogen to remove
the oxide, as has been demonstrated for GaAs'Si heteroepitaxy,”

7.2 Surface Preparation

Based on prior work by Dhar ef @/ ™ and Lyvon er al ™ we decided to focus growth efforts
on (211 )-onented Si substrates. The results of this study were reported at the 1996 Materials
Research Society Meeting in Poston, Massachusetts.” ARer an extensive review of the

literature, it was decided that the Si would be cleaned following the procedure outlined by Fenner
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et al™ This etch involves many steps. To shorten the description, from this point it is to be
assumed that the subsirate is blown dry with nilrogen gas afier every DI H.O rinse. Afier the
degrease, the substrate undergoes a five-minute DI H.O rinse before being submersed for ten
minutes in a 5:1:1 DI H;O:NH,OH:H.O. solution kept at 80°C, This is followed by a five-
minute D1 H,O rinse, then a fifteen-second dip in a 50:1 DI H,0:HF solution, and then a twenty-
second DI H,O rinse.  Next the substrate 15 immersed in a 6:1:1 DI H,0:HCLEH.Q), solution for
ten minutes, This step is followed by a twenty-minute DI H,O rinse. The final step is a 2.5
minute dip in 1:1:10 HF:DI H,O:absolute reagent alcohol. In the first part of this study the
substrate was rinsed with DI H,0 after this last dip, but towards the end of the study it was
discovered by looking at RHEED patterns that better surfaces could be attained if the samples
were blown dry after a short reagent alcohol nnse. For example, Fig. 7.1a is a RHEED patiern of
a substrate which had undergone a final water rinse. When it is compared 1o a substrate which
nad instead been nnsed with reagent aleohol. as in Fig. 7.1¢ you will notice it 1s a much stronger
pattern. Fig. 7.1b and d represent the same Si surfaces afier being heated and exposed 1o an As
Mux. Again Fig. 7.1d is stronger than Fig. 7.1b.
7.3 RHEED During Hvdrogen Cleaning

The as-prepared Si substrates gave a RHEED pattern exhibiting both diffuse scattening
and rings. These features disappeared upon heating the substrate above 200°C, leaving only the
sharp, streaky RHEED pattérn shown in Fig. 7.2, Note the presence of the strong Kikuchi lines.
The disappearance of the rings may correspond to a desorption of residual carbon from the eich,
as reported in a prior study,” For comparison with the Fenner etch procedure, the use of atomic

hvdrogen for cleaning the Si surface was also investigated, Tn particular. it was found that about



RHEED comparison of Si substrates (after heating to 200°C) that
underwent two different ex-sitw etches. In (a) and (b) the substrate was
rinsed in DI H:O after the Fenner etch, and in (c) and (d) the subsirate was
rinsed for a short time with reagent alcohol Images (a) and (¢) are as
etched, and (b) and (d) are after being heated under As and cooled to
growth temperature Note that the pattern in (d) is much stronger than in
i)



Fig. 7.2 RHEED of Si after the Fenner etch
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& wenty minute exposure of atomic hydrogen at 600°C removed the oxide laver from a Si
substrate etched in a HF:H.O solution. A Si substrate cleaned using the Fenner eich was also
cxposed to atomic hydrogen for an equivalent amount of time. Both hvdrogen cleaning
procedures resulted in a RHEED pattern equivalent to that obtained by the Fenner etch alone, as
shown in Fig. 7.3 with the possible exception of a slight increase in diffuse scattering, [n
addition samples were heated to temperatures as high as 700°C, well above the desorption
temperature for hydrogen on Si,”" without any observation of change from the bulk-like (I1x1)
RHEED patterns shown in Figs. 7.2 and 7.3. The lack of change in the RHEED pattern indicates
an absence of surface reconstruction.

T4 EnTe/CdTe Deposition

All attempis to deposit a film directly on a Si surface prepared by either of the three
techniques described resulted in polyerystalline ZnTe and CdTe, as shown by the nings in Fig.
74 and Fig. 7.5, Tt is well known that bare silicon surfaces are highly reactive with the Column
VI elements O, 8. Se and Te, which all react with similar chemistries. For example, it was
demonstrated that one of the difficultics occurring with the growth of ZnSe on Si” was the
formation of an amorphous SiSe, layer at the interface, analogous o Si0)..  Therefore, it 15
believed the polycrysialline growth observed in these ZnTe/Si experimenis was due to the
tormation of an amorphows SilTe, layer upon exposure to flux containing Te, analogous w the
results observed with Se. Following the lead of Romano er al and Dhar er al., As was used o
passivate the surface of the Si. The substrate was exposed to an As flux while hedted to abour
350°C. With the As passivation, single crystal growth was obtained on substrates cleaned by the

Fenner process as shown by the well-ordered RHEED pattern in Fig. 7.6. However, growth on
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Fig 7.3 RHEED of Si after hydrogen cleaning
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Fig. 7.4 RHEED of ZnTe deposited on 51 after the Fenner etch



-1

Fig

5 RHEED of ZnTe deposited on Si after hydrogen cleaning
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Fig. 7.6 RHEED of ZnTe deposited on Si after the Fenner etch and treated with As
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subsirates exposed to atomic hydrogen continued to result in polycrystalline material. Further
investigation indicated that the problem always occurred if the substrate was exposed to atomic
hydrogen prior to As passivation. After As passivation. atomic hydrogen exposure did not
present any ill effects,

7.5 Mechanisms

The inability to grow single cryvstal ZnTe on 5i exposed 10 atomic hydrogen prior 1o As-
passivation may nol be directly related to exposure (o atomic hydrogen. As discussed earlier,
atomic hvdrogen can etch Te (and presumably CdTe and ZnTe) at low temperatures with TeH, as
an etch product.  There is a significant coating of Te-bearing compounds in the growth chamber
which would be exposed to atomic hyvdrogen, resulting in a potential background of TeH.. Any
TeH, striking the heated 51 surface would decompose. allowing Te to react with the surface.
Exposure of a Si substrate cleaned with the Fenner process directly to Te did not lead w
observable changes in the RHEED pattern. In addition there are no analytical capabilities on our
growth chamber to investigate such surface contamination. Thus this speculation could not be
directly confirmed. Thus, our study may indicate that atomic hvdrogen cannot be used for oxide
removal from Sisubstrates inside a [I-V1 MBE chamber. However. cleaning in an external
preparation chamber may still be feasible. This topic is under continued investigation in our

laboratory.
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B, Conclusions

Thermally-produced atomic hydrogen is shown 10 be effective in preparing substrate
surfaces for subsequent growth, Each substrate 15 unique and therefore reacts differently with
the hydrogen. The results of this study are delineated here.

{11 CdTe treated with atomic hvdrogen exhibits an atomically-flat surface indicated
by both RHEED images and AFM measurements. This in-sifu treatment can be performed at
lower temperatures than were previously needed for thermal cleaning, and leaves the substrate
surface free from oxides and other contaminants that may remain behind after ex-sire cleaning.
In addition the CdTe remains stoichiometric, and subsequent CdTe f{ilms deposited on this
surface retain a two-dimensional flat surface.

(2} Hydrogen cleaning is an effective method for cleaning HegCdTe.  Again the
temperatures required are lower than conventional methods. This is of particular importance
singe high temperatures are known to degrade HgCdTe. After cleaning. the HgCdTe surface
exhibits an rms. roughness of less than 0.5 nm. Furthermore, the CdTe used 1o passivate the
surfnce exhibited a streaky RHEED pattern indicative of a two-dimensional surface. An XPS
study showed both the removal of oxides and a shift of sioichiometry. This shift in
stoichiometry may not limit the fabrication of devices after atomic hydrogen cleaning since it s
towards higher x-values. Importantly, reflectance measurements indicated the shift is a surface
effect. Most importantly hydrogen cleaned samples were later processed into working devices,
showing that hydrogen cleaning does not limil fabricaton.

(3} Treatment of GaAs for the growth of [I-V] compounds can be difficult and
tedious, With the use of atomic hydrogen, the oxides and other surface contaminants are

removed at reduced temperatures. and the defect density in the resulting film is greatly reduced.
1k




Additionally, hydrogen cleaning of GaAs followed by a Zn-pretreatment further reduces the
number of these defects. A second advantage of hvdrogen cleaning of GaAs substrates is that
this approach may eliminate the need for the growth of o GaAs epilaver, resulting in a less
complicated growth process for subsequent manufacture of layers for light-emitter fabrication.

(4} Removal of the diffuse background in RHEED images of sapphire 15 possible
with atomic hydrogen. RHEED images taken before and after hydrogen cleaning show that the
treatment removes this diffuse scattering which indicates the removal of surface contaminants,
and brings ot a very bright two dimensional RHEED pattern exhibiting streaks and Kikuchi
lines.

(3)  The results for the hydrogen cleaning of silicon are inconclusive. While the oxide
can be removed. the hydrogen may also be reacting with the walls of the chamber, which could
result in the premature deposition of Te on the surface of the silicon. Future studies are planned
to investigate the cleaning of silicon with atomic hyvdrogen in an environment that has not been
exposed to elemental tellurium,

T'o summarize, there are advantages in using atomic hydrogen for cleaning over other
tvpes of substrate preparation. The first 1s the lower substrate temperature needed to perform the
cleaning. One advantage of the lower temperature, is that it can result in less cross-conmtamination
from heated surfaces. For GaAs surfaces, the atomic hydrogen cleaning can be accomplished at
a temperature less than 400°C, while thermal cleaning must be carried out around 600°C. A
similar change is also seen for CdTe. Thermal treatments typically require temperatures near
3007C, but with atomic hydrogen cleaned surfaces can be obtained as low as 80°C. Perhaps the

substrate most affected by this lower temperature is HgCdTe. With thermal treatments the Hg
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could easily be desorbed seriously degrading of the HgCdTe, and hence adversely affecting the
pertormance of the subsequent device. Hydrogen cleaning. however. only effects the
stoichiometry of the first monolaver of matenial, which wiil not affect the bandgap and
subsequent detection wavelength of the device. since that will be determined by the bulk
matenal.

Atomic hydrogen can also make a substrate more suitable for subsequent growth. It has
been shown to be effective at removing carbon and other surface impurities as well as oxides.
resulting in a cleaner surface, " For GaAs substrates the atomic hydrogen cleaning results in an
approprate As-stabilized GaAs surface for subsequent ZnSe or CdTe growth, eliminating the
need for an As-flux. In HgCdTe and CdTe, Te overlayers have been shown to be removed.
Additionally, the mercury depletion in the first monolayer may help 1o more closely lattice match
the CdTe passivation laver. And in sapphire diffuse background scattering on the RHEED is
removed,

It iz clear that atomic hydrogen solves some of the fabrication problems that have plagued
industry in the pasi. These surfaces can now be cleaned effectively and efficiently. The
processing steps can be performed at more desirable temperatures, and in some cases, like GaAs,
the processing can be done even with one system rather than two. As these new techniques are
integrated into use in more and more facilities many more problems may be solved, and even

better techniques may be developed.
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Appendix A: Ex-siru Preparation

This section is designed 1w give a quick reference on ex-siti cleaning of each substrate
discussed in the thesis. In the flow charts provided. rectangles are for submersions of a substrate
in o beaker of soluton, diamonds are for rinsing the substrates in a flowing liguid. and ovals are
for use of high purity nitrogen gas. Some acids require the beaker and substrate to be placed in a
bath of cool water, These cooling baths are labled in a rectangle containing the rectangle with

the acid information. All temperatures given are for the hot plate unless otherwise indicated

Trichloroethylene Methanol
5 minutes at ~70°C 3 minuies at =70°C
I'mchloroethylene Methanol
3 minutes at = 70°C 3 minutes at —-70°C
Acetlong

2 minutes at -70°C

Blow Diry

Fig. A.1 Flow chart for the degreasing procedure that is performed before each etch



.5% Brimethanol
5 minites

!

Methanol
| minute while agitating

!

Methanol
| minute while agitanng

Blow Diry

10 HCEDI H.O
5 minutes

Blow Dry

Fig- A.2 Flow chart of ex-situ CdTe etch.
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0.5% Br:Methanol Methanol
5 seconds | minute while agitating

Methanol

T Blow Dry
1 minute while agitating L '

Fig. A3 Flow chart of ex-sitw HgCdTe etch.
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o1 H.0
10 seconds while agitating

Blow Dy

8:1:1 H,80,:H,0,:H,0

: Blow Dry
2 minmaie

Cooling bath
B:1:1 H,S0,:H.0.:H,O

| minuie

Fig. A4 Flow chart of ex-situ GaAs etch,



3:1 H,80;:H,PO,
I mnutes at 140°C (acid)

Cooling Bath
3:1 H,50.:H,PO,

4 minutes

Blow Diry

Fig. A.5 Flow chart of ex-situ sapphire etch.

Iia



Blow Dy

|0 minutes at SO5C

5:1:1 DI H,0:NH,OH:H.D,

!

Blow Diry

50:1 DI H,0:HF

| 5 seconds

I

— D

6:1:1 DT H.O:HCLEH.O
1] minuies

!

Blow Diry

l

1:1:10 HF:DI H.O:absolute
reagent alcohol
2.3 minutes

I

Blow Dry

Fig. A6 Flow chart of ex-siru 51 etch.



Appendix B: XPS Theory

One tvpe of information which can be obtained from XPS measurements is the relative
concentrations of the elements in the matenal. One way of determining this information is to
compare peak areas of the individual constituents. The derivation of this method™ as well as the
analysis for two of the HgCdTe samples are given here.

The area under the peak can be calculated from the data by fitting a peak with a specific
curve and integrating. The area under the curve is representative of the electron curremt due to
the photoelectron process. The eguation for the electron current for a specific transition i from a
volume element located at a depth x within the sample is

X

dl, = Al ,N,Sie " dx B.1)

where A is the area of the x-ray beam, [ is the incident beam’s intensity, N, is the number
density of atoms producing the transition i, and 5, is the sensitivity factor. The sensitivity factor
depends on a number of variables. The photoelectron cross section of the atomic orbital of
interest, the angular efficiency factor for the instrumental armangement based on the angle
between the photon path and the detected electron. the efficiency of the formation of
photoelectrons of a particular energy, and the detection efficiency are all hidden in 5. The last
vanable in equation B.1. & . is a function of the absorption depth of the x-rays. i, (which is
determined by the escape depth of the electron) and the transition electron, &, as follows

| I |
— = 4
Api  A,cos8 4, cosa
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The angles A and @ are angles made between a line perpendicular to the surface and the initial

and reflecied beams respectively,

For a thick slab equation B.1 should be integrated over x from zero 1w infinity. The

integration proceeds as follows. (The superscript ¢ is for constiluent. )
X
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Now the equation can be solved for N, or the number of atoms producing this transition.

C ".'r'l:
N; - (B.6)

ey
AlS{ X,
The concentration of one element in a compound, say mercury in HgCdTe, is the number

of mercury atoms divided by the 1otal number of atoms. This ratio looks hike

(B.7)

At this point it is obvious that A and 1, will cancel. 1t should be noted that although A, 3."", and
%" will all vary slightly, it is a reasonable approximation to assume that they are equal. Because

k)




of this approximation. 4" can be pulled from the summation in equation B.8, and canceled with

7", The final equation then looks like

i
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Figures B.1-B.6 contain XPS data for two HgCdTe samples. The first sample was
cleaned at ~R0°C and the peak areas are given in table B.1. The sensitivity factors are found in
literature, and vary slightly from paper to paper. These sets were all normalized w Te, and had
ranges of sensitivity for Hg and Cd from 0.58 to 0.76 and from 0.46 to 0.62 respectively ™. In
order 1o determine which set of factors to use, XPS data from a CdTe sample believed to be
stoichiometric was analyzed using several different sets of sensitivity factors. The results which
best fit the known concentration levels were then used to determine the concentrations for the
rest of the samples. These values, after being normalized 1o Te, are 8™ = [, 8™ = (1,33, and 5% =
0.64."

As an example, the concentration levels of MCTTIB after being cleaned for 150 minutes

with atomic hydrogen are determined as follows,
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262.68

Ce = 35268+ 39361+ 5462 kB-A1)
C, =022 (B.12)
Ciu = T (B.13)
262,68 « 39561 + 54620
=033 (B.14)
Sies
Cr = 36288+ sit;;[i +546.20 (B:13)
C. =045 (B.16)

In addition to concentrations, the oxide thickness and the tellurium overlayer thickness
can both be obtained from equation B.1. In this case the integral must be split into three parts.
The first part 1s the integral over the oxide. which must extend from zero 1o the oxide thickness,
t". The second integral is over the tellurium overlaver, and extends from t' to 1", Finally the
substrate is integrated from t” to infinity. The three integrals are then

_I'I -
I? = [AIN’Se "dx @i
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I{ = [ALN{Sie "dx @

In this case the superscripts o and s are to distinguish the oxide from the substrate. Solving these

integrals gives
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I =AI NS 2, (1-e ’{E) (B.18a)
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laking the ratios of B.18a 1o B.18c and B.18b 1w B.18c, and making the approximation that the

mean free paths are equal, the following two equations are obtained

i

I° N°S°|1-e7

=~ . m (B, 19a)
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Another approximation can now be made. This approximation is for the specific case in this
thesis in which there 15 a tellurium oxide on a tellurium overlayer. It 15 assumed that the
sensitivity factors for the oxide, the overlayer, and the substrate are equal for the following
reason. As siated earlier. the elements that determine the sensitivity factor are the photoeleciron
cross section of the atomic orbital of interest, the angular efficiency factor for the instrumental
arrangement based on the angle between the photon path and the detected electron, the efficiency
of the formation of photoelectrons of a particular energy, and the detection efficiency. First of

all. the photoelectron cross-section will be the same since all of the electrons are from the same

1¥3
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orbital, Secondly, the angular efficiency will obviously be constant during a scan. since it 1s due
to the experimental setup. The efficiency of formation, and detection efficiency are functions of
the binding energy of the electron. In this case the three components” binding energies differ in
energy by only a few electron volts. hence the efficiencies will be equivalent. Since all of these
components are similar, the ratios of the sensitivity factors is approximately one. Now,
renrranging equations B.19a and B.19b vields

I°N} 1-e*

- - tE.:uﬂ]
S AT i
‘.'rﬁ Nr e A

i i

T o i 1y
IJ N, et-e?

- n (B.20b)
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In completing the next steps it is useful to let the lefi hand side of equations B.20a and B.20b

cqual  and n respectively. Simple algebra gives

pet =l—e* (B.21a)

e S — (B.21b)

and then solving for t" and t"

r=-.-11n|_ﬁf;1+l} (B.22a)
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|
" ==4 ln[ ] (B.22h)

Again & 15 the mean free path of the electrons, and P and 1 are a combination of the ratios of the
pesk areas and the number densities, or the number of atoms per cubic centimeter. The ratio of
number densities is the same as the ratio of mass densities divided by the stomic weight. For
example,

,_'"n'- S p-\."-; Iﬂ

N (¥ p”. i

(B.23)
1

The value for the number density can be found in the CRC handbook.

The densities for Te in a HgCdTe matrix. amorphous Te, and Te-O are 7.7, 6.0, and 5.6
cm’ respectively.” (The value for HgCdTe is actually approximated from values for CdTe and
HgTe) Again, as an example, the oxides and overlayer thicknesses afier the Brimethanol etch on

sample WYL B are computed in the following manner.

I{JJ\:S
|06E1 = 7.7
A= 1540256 (%)
=095 (B.26)
Tk
7= —*;_,F:I (B.27)
2458 8= 7.7 -
1= 1540260 k)
n=205 (B.29)
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Using the universal curve the escape depth, ., can be estimated to be 15 A for each of the
constituents. The penetration depth of the x-rays, A, is much deeper than the sampling volume
and can be taken to be infinite here, Thus, the A in the above equations (4, from Eq. B.2) is
I5Acost, where 0=10° is the approximate angle our XPS detector makes with the sample

normal. Substitution of these values into equation B.22 gives

205
¢ =-15En[[m”f+];ﬂ] (B.30)
=402 A (B.31)
;~=-15[WI] (B.32)
95+ 205+ 1.
" =2074 A (B.33)
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Appendix C

The following pages give the XPS graphs as a function of time for mercury, cadmium,
and tellurium for two siandard samples, The first sample was cleaned using atomic hvdrogen at
“room-temperature”, and the other was cleaned with atomic hydrogen at 80°C. Following the
graphs is a complete set of analvzed data. This data includes the x-values, oxide thicknesses, and

tellurium overlayer thicknesses as functions of time.
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