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ABSTRACT

The most important result of the first year of this program is our discovery that the
introduction of hydrogen during the growth of GaAs films by molecular beam epitaxy
(MBE) brings about a dramatic improvement in the electrical characteristics of these
films. In addition to providing a major advance in the growth of MBE GaAs, this
technique should be very helpful in the growth of similarly high quality GalnAs and
GalnAsP films on InP substrates, the long range goals of this program.

In addition to discovering, understanding, and optimizing the hydrogen growth tech-
nique, we have also grown GalnAs films on InP substrates, and have considered pos-
sible techniques for controlling the As to P ratio for GalnAsP layer growth.

Prior to the development of the hydrogen technique, several growths of GaAs on GaAs
were completed in order to identify and eliminate sources of impurities from the

MBE system. For n-type layers with carrier concentrations in excess of 1017 cm'3

the electrical characteristics appeared normal but as the carrier concentration was

reduced below 1017 cm‘3 the increase in 77K mobility normally observed was not

seen. This is expected if the ionized impurity concentration remains in the range of

5 x 1016 cm_s to 1017 cm '3. After a careful review of the literature, 1-8 it became

apparent that very little 77K mobility data on MBE layers was available and that
nearly all of the published data agreed with our 1'esults.7 Only one published 77 K

mobility value1 was significantly higher than all the others and there is no indication
of its reproducibility. This large number of compensating impurities would signifi-
cantly reduce the electron drift velocity in these materials, an effect which is detri-
mental to microwave devices. The use of hydrogen during growth, described in de-
tail in this report, significantly reduces the carrier compensation due to residual
impurities and results in much higher electron mobilities. Results of photolumines-
cence measurements on these materials are given which tentatively identify the im-
portant residual impurities in MBE grown GaAs as due to carbon and oxygen.

In addition to the development of GaAs MBE growth, we have begun development of
GalnAs growth and initial results of the growth of GalnAs layers on InP substrates
are given. In particular, procedures are described by which uniform, homogeneous
layers of GalnAs can be grown over large area substrates by precisely controlling
the In/Ga ratio. Finally, consideration is given to the control of the As/P ratio for
the MBE growth of GalnAsP on InP substrates.
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I. INTRODUCTION

The use of epitaxial layers and of heteroepitaxial layers of compound semicon-
ductors in recent years has had a significant impact on the development of new and
useful semiconductor devlces.w

Interest in the quaternary alloy Galfxlnx.‘\slfyl’; is primarily based on the
applications of this material to optical devices such as light emitting diodes (LED),

photo-emissive cathodes and heterojunction lasers, 1530

The principal advantages
of this material are that lattice-matched layers can be epitaxially grown on InP over
a wide composition range, which permits the light emission of lasers and LEDs to be
extended to longer wavelengths where optical fiber transmission is optimal. (Current
state-of-the-art optical fibers have their best characteristics -- minimum loss‘”’and
minimum dispersionf}»- in the 1, 1--to-l.3~um !:ange.) It is also of importance in
electrooptical device applications that GalnAsP is lattice-matched to a binary compound
substrate (InP), which is transparent at the operating wavelength of the devices,

The potential importance of these materials in microwave devices such as the
metal -epitaxial semiconductor field-effect transistor (MESFET) andl transferred

electron devices is demonstrated in a comparison of the electron velocity-field

characteristics of these alloys and of GaAs.'a'r—The calculated maximum electron

(

drift velocity for the quaternary alloy can % higher than for GaAs with a compar-

able high-field saturation velocity. Calculations also indicate that electrons in the

ternary alloy Ga Ino SAs have a maximum drif velocity about 159, greater than

0.5
for GaAs. The transferred electron amplifier is also Qf great interest because of
the observation of low noise figures for InP devices, = ecent experiments on the

epitaxial growth of Gal_xlnxAs on GaAs show that the low\-\ﬂeld mobilities for electrons
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in these allovs increase monotonically from about 7,000 cm2/Vsec for GaA823 to
16,700 cm2/Vsec for InAs in spite of the lattice mismatch condition throughout the
alloy range, " One of these ternary alloys (("80_ 47ln0. 53As) is lattice matched

to InP and should be a good candidate for the study of MESFETSs as well as avalanche
photodiodes and heterostructure lasers, Furthermore, since the highest frequency
devices require thin layers and controlled carrier concentration profiles, MBE is

an excellent candidate for the growth of the active layers in these devices.

Many heterostructure devices have suffered substantial degradation in operation,

Although the sources of this degradation are not well understood, in many cases there
has been a correlation between the degradation and the propagation of defects in the
epitaxial layers, - Three important sources of these defects are lattice-mismatch
between layers, interface states, and the propagation of dislocations from the sub-
strates. The first source of defects can be eliminated by growing lattice-matched
epitaxial layers on single-crystal substrates, for example, GalnAsP on InP, We
believe that layer growth by MBE has the potential to greatly reduce (and perhaps
eliminate) the other two major sources of defects, Since the growth takes place

in an ultra-high vacuum, it can be initiated onto either a congruently subliming sub-
strate or a stoichiometrically stable substrate (e.g., for InP heated in a phosphorus
environment), which should virtually eliminate terminal surface bonds or interface
states. It has already been demonstratedza in GaAs that substrate surface asperities
can be eliminated in the initial phase of MBE growth and atomically flat surfaces can
be achieved, Also, since the substrate temperature required for proper MBE growth
is lower than for other techniques, it may be possible to inhibit propagation of sub-

strate dislocations,




Furthermore, it has been shown27 that the thicknesses can be precisely controlled
down to layers as thin as 50 4 and that the carrier concentration profiles can be abruptly
and reproducibly changed within a few hundred angstroms.28 This control has not
been demonstrated with any other growth technique, We believe that the advancement
of MBE technology will open a completely new era in semiconductor device technology.

MBE grown layers have been used to fabricate several semiconductor devices. E9-08
Some of these devices are listed in Table I. The characteristics of these devices are
comparable to those made from crystals grown by other techniques, which indicates
that although MBE growth is a relatively new development, MBE technology is consid-
erably advanced. We believe, however, that the discoveries which were made in the
first year of this contract represent a signiiicant contribution in the state of the art
of GaAs MBE technology which will carry over to other III-V compounds and alloys.
Further development is needed in the doping of MBE films without compensation
of impurities. At the highest possible MBE growth rates of 3 }/sec to 10 k/sec
the vapor pressure required to keep an unwanted impurity at a level of 1014 cm-3
would be about 10! Torr if we assume its sticking coefficient is unity, For-
tunately, the most probably impurities, carbon and oxygen, are present in the

vacuum system as gaseous compounds such as CxHy’ CcoO, CO, and 02 which

2
are likely to have small sticking coefficients, However, most of these gases are
present in the 10-10 Torr range and collide with the growth surface at about 10-3
times the incident gallium flux, If their lifetimes on the surface are sufficient for
the molecules to reach their dissociation energy at the substrate growth temperature,

then atoms such as carbon would probably be incorporated in the film. We believe that

these effects are important and in fact are the limiting factors in current MBE film
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quality, The pressure of these gases can be further reduced, possibly to IO'll or
10-12 Torr, through cryogenic (10K - 20K) pumping. Such pumping will soon be
incorporated into our system, but the times required to reach these partial pressures
may be prohibitive, Even if these low partial pressures can be achieved, we believe
that our current approach of reactively forming other compounds with the residual

gases that neither stick nor remain dissociated at the growth interface will be bene-

ficial in the growth of high quality epitaxial layers, To our knowledge, our research

is the only work reportedaq on the doping effects of residual gases in MBE systems,
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II. PROGRESS DURING CURRENT PROGRAM YEAR

A. MBE System Description :

A photograph of the MBE system and associated electronics used in these studies
is shown in Fig. 1. The system consists of a horizontal bell jar ultra-high vacuum
chamber pumped with a 400 1/s ion pump, a titanium sublimation pump and a LN2
cryopump, After baking the entire system at 200°C for 24 hours, a room temperature
system pressure of 2 x 10-10 Torr is attained. It is not necessary, however, to bake
the system between each run, While loading the samples in the system, the work
chamber is purged with dry NZ' The system can then be pumped to a pressure of
2% 10-q Torr within 16 hours, The dominant residual gas remaining is N2 which
has no apparent effect on the epitaxial growth, Several sample changes can be made
before system baking again becomes necessary,

A schematic cross-section of the MBE work chamber is shown in Fig. 2, The
substrates are mounted on a four-position carousel-type holder which is 3600 rotatable
and X, Y, Z translatable over about one cu, in. The sources are modified Knudsen
cells and are surrounded by a liquid nitrogen cooled shroud. The MBE chamber also
contains an Auger analyzer which is used to examine the substrate surfaces for pos-
sible contamination prior to epitaxial growth, Argon sputter ion guns are available
to remove such surface contaminants as carbon. An electron gun and phosphor screen
are provided to obtain reflection electron diffraction, (RED), patterns of the epitaxially
growing surface. This in-situ detector provides a continuous monitor of the crystal-
line quality of the epitaxial film. The low energy electron diffraction (LEED) analyzer
is available for a two dimensional analysis of surface defects and surface crystallinity
of the substrates and of the MBE films., A mass analyzer is also available to monitor

the molecular beams and for analysis of the residual gases in the system,




-uawdinbs sisATeue 90BJINS pue S90INOS ‘SIAPIOY S1eIIsqns Jo JuswaSuelre
Suwmoys xaqureyd Pmoad Terxelrde weaqg-IBMOI[OUW JO YOI9)S [BUOIINaS-8s0I) 7 *S1d

[ 962580 | N—M_._ .«ﬂ_._

—

$323N0S

.ﬁ

||
{
|

N333DS JOHJISOHJ

NNOS NO¥1>313
Jd3010H

F\mm_: 3IVYiSENS< ,
r||l|\l rIIM,f
NNS NOI| R SRR

ONINV31D ¥311NdS JIZATVNY SSVYW

.,
\
|
\

N

¥IZATYNY %6:4 W

NNS NOI OZ:_“_ONE 431iNdS A)/

mmN>._<Z< Q33




§
"

A sectional sketch of our MBE source heater assembly is shown in Fig. 3, The
entire essembly is made of 4 - 9's purity tantalum and pyrolytic boron nitride insu-
lators, The source crucible (not shown in Fig, 3) is also made of high purity pyro-
lytic boron nitride.

The substrate holder assembly is shown in Fig, 4. The substrate is mounted
with indium on the holder sub-assembly in a laminar flow clean bench. A cover glass
is placed over the substrate to prevent particulate contamination in the transfer of
the sub-assembly to the MBE chamber, The sub-assembly which now consists of the
substrate indium --bonded to a M, disk and capped with a cover glass-- is also
bonded with indium to the substrate holder to insure thermal uniformity, After evac-
uation of the MBE chamber, the cover glass is removed by rotating the substrate
holder to the inverted position,

B, Substrate Preparation:

Although substrate preparation is important in any epitaxial growth process, it
is probably more important in MBE growth than in any other, The reason for this
is the lack of a convenient in-situ etch-back technique such as the melt-back
technique in LPE and the vapor-~etch technique in VPE which can uniformly remove
several microns of surface damage due to handling.

It is possible that ion sputter etching could serve this purpose but it would be
necessary to establish conditions for rapid uniform sputtering and to determine if
there exist ion molecular species and energies at which these ions would stoichiome-
trically sputter the substrate surface. The stoichiometry must also be maintained in
the post-annealing of the sputtering damage, To our knowledge there has been no
careful study of sputter etching for MBE growth. The extent of ion sputter etching
used in this study has been to clean the surface of carbon contamination which is

believed to be within a few monolayers of the surface,

9
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Fig. 3. Artist's view of MBE source heater assembly.
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L S -8
(@ CHEMICALLY ETCHED (b) THERMALLY ETCHED
(<0.5-um damage) (pits =103 /cm?)

(c) THERMALLY ETCHED @ EPI-LAYER 2-um THICK
( pits = |05/cm2) (570°C, 0.8um/hr)

R0 S t s 3 AU SR A A
(&) CHEMICALLY ETCHE (O EPI-LAYER 2-um THICK
(thermally etched clean surface) (570°C, 08 um /hr)

Fig. 5. Microphotographs showing the effects of substrate surface
damages on the MBE growth of GaAs.
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Considerable effort has been put into correlating MBE film surface morphology
with substrate orientation and quality and with the experimental growth parameters.‘“0
It is generally accepted that various dislocation lines appearing in the film can be
attributed to a strained substrate or lattice mismatch., Dendritic growth usually
results from faulty epitaxial conditions, and the pyramids or mounds which were ob-
served on some of our early epitaxial layers result from some form of surface damage
or contamination,

Using white light focused onto the substrate surface during growth, it was pos-
sible to observe the pyramidal growth as light scattering centers, usually after about
30 minutes of growing time. Using the same procedure with the substrate at the growth
temperature and only the arsenic beam on the surface to prevent surface decomposition,
similar light scattering centers were observed, Microscopic examination of these
surfaces showed the scattering centers to be thermally etched pits resulting from a
damaged surface., These pits became nucleation centers where the Ga and As were
tightly bound, resulting in a very low surface mobility of the atoms, Small crystallites
were formed, frequently misoriented with the substrate which resulted in the observed
pyramids or mounds, Continued epitaxial growth on a surface with a high density of
these defects would result in an overall roughness of the layer. This effect is illus-
trated in the interference contrast micro-photographs shown in Fig, 5. The smooth
featureless surface shown in Fig, 5(a) was produced by a chemi-mechanical polish
followed by a short chemical free-etch which removed 10 um, From subsequent
investigations it is estimated that this sample contains a small amount (<2 um) of
buried surface damage. This damage, shown in Fig. 5(b), is revealed by thermally

etching the sample on a carbon heater strip in a H2 atmosphere at 600°C for 15 minutes,

13
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These conditions simulate the thermal etching which occurs in the MBE system, For
this substrate, the pits formed by preferential evaporation from damaged areas have
a density oleOS/cmz. Figure 5(c) is a scanning electron micrograph of the pits
showing the <100> surface symmetry, Figure 5(d) is an interference contrast micro-
photograph of the surface of a 2 ym-thick film grown on part of the substrate shown in
S(a). The surface irregularities do not occur only where the pits are formed, but
over the entire surface, By contrast, Fig, 5(e) is a photograph of a thermally etched
substrate prepared identically to that of 5(b) with the exceptio n that several additional
microns of material were removed in the final chemical free-etch. Most of the sur-
face damage has been removed as evidenced by the comparatively low etch pit density.
The surface topography of a 2 um-thick MBE layer grown on this surface is shown in
Fig. 5(f). It is smooth and featureless.

The disadvantage of excessive chemical free-etching is that of rounding of the
sample surface, an effect which can be detrimental when devices are fabricated using
precise photolithographic techniques.

The current method of preparing GaAs substrates for MBE growth is a modifica-
tion of a procedure developed at this Laboratory for vapor epitaxial growth, The wafers
are string-saw cut 2° off from the (100) plane in the <211> direction, They are ground
and chemi-mechanically polished on a polyurethane felt pad with a solution of 40 gm
Na2003 in one liter of 1:1 ”20 and clorox, The polish removes 0. 1 mm of material,
The wafers are stored in this condition, Prior to mounting into the system the wafers
are soaked in a KOH solution to remove any trace of mounting waxes, followed by a HCl
soak to remove oxides. This procedure assures uniform etching in the subsequent step
in which the sample is etched for 10 minutes in a 5:1:1 solution of IIZS()4. I 02 and H20

2
at 300K. This final etch removes about 10 um, The sample is then rinsed in high

14
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purity water and blown dry with filtered nitrogen, Prior to each epitaxial growth run,
the substrate surfaces were examined with an Auger cylindrical mirror analyzer
operated at an electron beam voltage of 6 KV, a beam current of 275 u A, and an Auger
electron energy scan range of O to 2000 eV. The differential Auger spectrum of a
chemically etched GaAs substrate prepared in the above manner is shown in Fig, 6(a).
In addition to the Ga and As spectra, peaks corresponding to the characteristic
energies of oxygen, carbon and sulfur are also seen, Figure 6(b) shows the spectrum
of the same sample after heating for one minute at 600°C, The oxygen is completely
gone. Finally, after ion sputtering the surface with a 10 mA, 500 eV argon ion beam
for five minutes, all traces of the surface contamination have been removed. The
peak attributed to sulfur is not always seen, Its origin is not known. Oxygen and
carbon are introduced in the final etching and rinsing steps. By carefully quenching
the final etch with COz-free water prior to exposure to air, it is possible to reduce
the carbon contamination to a level where epitaxial growth is not affected. Thus a
properly prepared GaAs surface requires only a slight thermal etch to remove the
oxygen, prior to epitaxial growth,

C. Electron Diffraction Studies:

Figure 7 shows how Reflection Electron Diffraction4l (RED) is used as a guide
in the growth of high-quality films., Three types of diffraction pattern are normally
seen on the phosphor screen. A spot pattern is that obtained by transmission of
electrons through a thin crystal, in this case the asperities of a rough surface, The
Debye-Scherrer rings are typical of transmission through an amorphous or small

grain polycrystal. The Kikuchi lines are observed where the surface has become

so smooth that transmission through asperities is no longer possible and only two
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Fig. 6. Auger spectra of a GaAs substrate: (a) after chemically
etching, (b) after thermal etching for 1 minute at 600°C, (¢) after
argon ion beam etching for 5§ minutes.
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Fig. 8. Reflection electron diffraction patterns from a (100) GaAs
surface in the [100] azimuth for (a) a stoichiometric surface, (b) an
arsenic-rich surface and (¢) a gallium rvich surtace.
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dimensional diffraction is observed. An accurate quantitative structure analysis of
the growing surfaces through observation of RED patterns is not feasible for seveml
reasons, Because the angle between the incident and diffracted electron beams is
small, it can be shown that the interplanar atomic spacings are related to the RED

rings or spots by the expression;

4 =

where ) is the electron de Broglie wavelength, L is the distance between the sample
and screen and Ri are the radii of the circular patterns defined by the RED rings or
spots. Unfortunately L is not well defined because the electron beam at grazing
incidence is spread over a large area of the sample and its precise position is not
known., Also, precise azimuthal orientation of the sample is impractical since it
would require a complex precision apparatus in the MBE system which would not
interfere with the growth nor contribute to the contamination of the epitaxial layers,
Even with these restrictions, however, the RED patterns provide valuable information
about the growing surface layer,

Figure 8 shows high energy RED patterns (18 KeV electrons with the incident
beam along the [110] azimuth) from a (100) GaAs surface, The initial diffraction
pattern consisting of well defined spots is obtained from a chemically and thermally
etched GaAs substrate. After depositing 150 R of GaAs, the surface has become
elongated in the direction normal to the surface. At the same time, additional
features have appeared half way between the original columns of diffraction spots.
These "1/2-order" streaks42 are due to a re-ordering of the surface atoms in such

a manner that a dynamic equilibrium is established between the molecular species
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in the vapor and that on the surface, For a given orientation, there are three patterns
normally seen; that corresponding to a stoichiometric surface, a surface deficient

of gallium or a surface deficient of arsenic. Figure 8(a) is the diffraction pattern

in the [110) azimuth of a (100) stoichiometric surface which is seen prior to epitaxial
growth, By adjusting the ratio As/Ga in the incident flux and the substrate tempera-
ture (which determines the decomposition rate of the substrate), the growth conditions
can be set where the diffraction pattern of Fig. 8(a) is seen throughout the epitaxial

L i growth, Figure 8(b) shows the diffraction pattern obtained under arsenic rich condi-

tions and Fig. 8(c) is that seen for a gallium rich surface. Preliminary studies of

F the quality of MBE grown films as a function of the deviation from stoichiometry
indicate that the highest quality films are those grown closest to stoichiometric
conditions. More research is needed in this area and RED will undoubtedly be an
important diagnostic tool for this study and for reproducibly obtaining optimum MBE
1 growth conditions.

D. Mass Spectrum Analysis:

A UTI 300 ¢ quadrupole mass analyzer is used to monitor both residual gases

o 2 T 7 T =gy repgemon gy g

: and molecular fluxes incident on the substrate surface prior to and during epitaxial
growth, All of the residual gases in our MBE growth chamber have relatively small
masses and are seen in the range of 0 to 50 atomic mass units (amu). Larger mass
hydrocarbons are only seen when the system is extensively dismantled for making

: repairs or modifications, These large mass hydrocarbons are easily removed by

Gt i T e

1 baking the entire system at 250°C for 24 hours. Figure 9 is a spectrum in the 0 to
50 amu range of the residual gases seen in the MBE growth chamber after changing

substrates and overnight (16 hours) pumping. The system pressure is typically
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Fig. 10. Typical mass spectrum of molecular beams during the
epitaxial growth of GaAs.
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2 x 10  Torr. The spectrum is calibrated to give the partial pressures of the gases.

The dominant species are labeled. The unlabeled peaks are either cracking patterns
of the labeled peaks or low mass hydrocarbons. Some of the effects that residual
gases have on MBE growth of GaAs are discussed in a later section, Figure 10 is

a spectrum in the 0 - 300 ariiu range of the partial pressures of the incident molecular
beam fluxes of arsenic and gallium and their cracking patterns taken during MBE
growth of a GaAs layer. The arsenic source used in this growth was 6-9's pure
crystalline arsenic. The calculated As4/Ga ratio is approximately 10:1. With the
substrate temperature at 575°C, the GaAs epitaxial layer is grown on the arsenic-
rich side of the GaAs solidus field.

E. Epitaxial Growth Parameters:

The MBE growth rate as a function of gallium source temperature is plotted
in Fig., 11. The experimental points were determined using thicknesses measured
with a scanning electron microscope and scheduled growth times. The solid curve
was calculated using the Knudsen equation for incident molecular flux density‘13

P(T)A
4 Lz\/ 2rmKT

F =

P(T) = equilibrium vapor pressure at temperature T
A = aperture area of source
L. = distance from source to substrate

m = mass of evaporant species
For these experiments, the source control thermocouple is embedded between the

furnace wall and the pyrolytic boron nitride crucible containing the Ga. This control

thermocouple was calibrated by immersing a second thermocouple in the Ga liquid,
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Fig. 11, Epitaxial growth rate of GaAs as a function
of Ga effusion cell temperature.




The results indicate that films thicknesses can be controlled to within about 10% by

simply controlling the Ga source furnace temperature,

For a given Ga flux, the required As flux is determined by the substrate temp-
erature, Because the As sticking coefficient is unlty44 when the substrate surface
is Ga-rich and approximately zero for a stoichiometric GaAs surface, the epitaxial

layer does grow near stoichiometric in an excess arsenic environment, Most layers

were grown at a rate of 3 ﬁ/sec. a substrate temperature of 575°C and an As,/Ga
g p 4

ratio of 5,

F, Electrical Properties:

Carrier concentrations and mobilities obtained from van der Pauw and resistivity
measurements on some early films are shown in Table II. The thicknesses of these
films ranged from 2umto 5Sym. The data clearly show that the unintentionally doped
films are p-type and have nearly two orders of magnitude variation in carrier concen-
tration.  The Si-doped films are n-type with concentrations varying monotonically
for Si source temperatures above 850°C., With Si-source temperatures below 850°C
the free carrier concentration varies randomly, This probably reflects the degree
of compensation resulting from system background impurities which invariably differ
from run to run. That the films are highly compensated is also reflected in the low
mobility values, particularly at 77 K. "~ Corresponding 77 K mobilities for uncompen-
sated n-type GaAs grown by vapor phase epitaxy (VPE)45 are about an order of magni-
tude greater than those shown in Table II,

G. Effect of l-12 on Electrical Properties:

For a growth rate of 3 A/sec the incident Ga flux density is 6 x 10l4 atoms/cmz sec.

Assuming that the observed 77 K mobilities listed in Table II are governed primarily by

et . 17 -3 ' P
ionized impurity scattering, the films would contain 10°" cm * total impurities, To
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obtain this impurity level with unity sticking coefficient, the residual impurity flux

; : density would be 109 molecules/cm2 sec, Since the limit of detection of the mass

§
-
’
¥
g

analyzer used is 10!t molecules/cm2 sec it is possible that the residual impurity
' or impurities are not detectable in the vacuum chamber, The detected gaseous

H20, 02, N2, CO, Ar and CO,, with

y’ 2
their corresponding cracking patterns. Within the sensitivity limit of the analyzer

‘ species, shown in Fig, 9, are H2He, CxH

no other foreign impurities are detected, Of the above gases, carbon and oxygen
46

are potential dopants in GaAs. Carbon is a shallow acceptor 0, 026 eV above the

valence band. Oxygen is believed to be a deep donor47 about 0, 63 eV below the
conduction band. The incorporation of either carbon or oxygen into the epitaxial
layer must involve the dissociation of one or mo re of the above molecules at the
substrate temperature. The dissociation products, i.e., ionized atomic carbon or
oxygen, are both highly reactive with hydrogen and in the presence of a hydrogen

atmosphere could form the respective hydrogen compounds. All of the hydrogen

compounds formed are gases at room temperature and are expected to have low

sticking coefficients on GaAs at the growth temperature, It should be noted also

that the above reactions with H2 are reversible reactions and equilibrium is obtained.
To be certain that no additional gases were introduced into the MBE growth

chamber when the hydrogen was introduced, a special technique was devised, This

technique is demonstrated schematically in Fig, 12, The output of a palladium

diffusion cell is attached directly to the ultra~high vacuum MBE work chamber. The
palladium is heated to a temperature at which only the hydrogen will diffuse through .,
As long as the input side of the palladium diffusion cell is free of hydrogen or hydrogen

compounds, the MBE work chamber can be pumped to its original base pressure of

27
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Torr, This is easily achieved by evacuating the input of the cell to a
pressure of 5 microns with an LN2 sorption pump. A precision leak valve is then
used to admit hydrogen into the input side of the palladium diffusion cell which then
diffuses rapidly into the system,

Several GaAs epitaxial layers were grown in the presence of about 10-6 Torr of

H,. The electrical properties of these films are shown in Table IIl. There are

2
two significant differences in the properties of these films and those grown without
the H2 backfill shown in Table II, First, the mobilities both at 300K and 77K are
considerably higher for the films grown in the presence of Hz. Second, for the same
silicon source temperature a higher net donor concentration is generally obtained for
the films grown in the presence of }12. In fact, for a silicon source temperature of
750°C the films have been converted from p-type to n-type with the addition of H2
under controlled experi;nental conditions, Both the higher mobilities and net increase
in donor concentration could be explained by a reduction in carbon doping in the
presence of H2. An exception to the doping change occurs in films 27 A and 27 B
where the concentration is slightly higher whén H2 is not used. These films were
grown after a new source furnace was put into the system and an unusually nhigh
background pressure of CO was present, This suggests that the hydrogen is also
affecting the incorporation of oxygen and whether the free carrier concentration is
increased or decreased when growing in a H2 atmosphere may depend on the relative
abundance of the different background gases, The effect of hydrogen on residual im-
purity compensation is graphically illustrated in Fig, 13, The net donor concentra-
tions, ND—N \» Were obtained from Hall measurements and the total ionized impurity
concentrations, NE+ NA’ were obtained from the 77 K mobility ana\ysis.45 It is

clear that substantial reductions in ND+ NA have been achieved. As shown in Fig, 13,
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Fig. 13. Net donor concentration (ND=NA) as a function of total ionized mmpurity
concentration (ND*N 4) at 77 K with and without hydrogen. Lines NA/Npy = 0 and
NA/Np = 0.3 are drawn for reference.
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a S0 times reduction was attained for the films with the lowest net donor concentrations.
There is very little 77 K mobility data available on MBE grown n-type GaAs layers with

which our results can be compared, All of the published data are plotted in Fig, 14

with our current results, The highest purity sample reported to date was that ob-
tained by Cho and Arthurl with a total ionized impurity concentration of 2, 1 x l()lscm_3
and a 77 K mobility of 50, 000 c1112/Vsec. This value has apparently never been repro-
duced. All of the remaining data is for samples with Nl)* N.—\ 2> l()17 cnf3 which

corresponds to our limiting values without the use of H,.

H, Photoluminescence Measurements:

The photoluminescence properties of these samples were also examined to gain
more information on the effect of hydrogen introduced during growth, Two optical
systems were used for these measurements, To investigate the broad band deep
level luminescence frequently seen in GaAs, #h the samples were pumped with a
500 mW krypton laser. The luminescence was observed with a CsBr prism spectrome-
ter and synchronously detected with a cooled PbS detector. For band edge luminescence
measurements a S0 mW HeNe laser was used. The edge luminescence was dispersed
with a 3/4 meter grating spectrometer and synchronously detected with a cooled
photomultiplier equipped with a GaAs photocathode.

Results of the deep level photoluminescence measurements na de at S0 K on two
n-type silicon-doped films and on two p-type undoped films with different hydrogen
pressures are shown in Figs. 15 and 16, respectively., The electrical characteristics of

i each film are shown in the insets, The dominant effects of the hydrogen in each case are
the large reduction in intensity of deep-level luminescence and an increase in band-

edge luminescence, The deep level luminescence with maxima at 0, 88 eV in the
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Fig. 15. Effect of Hy ambient pressure on the band-edge (1. 49 eV)
and deep level (0. 88 eV) photoluminescence in n-GaAs MBE films.
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n-type films and at 0, 80 eV in the p-type sample are believed due to oxygen or
4 )
oxvgen complexes.

I'he band-edge luminescence spectra for samples 28 A and 28 B were examined
more closely at 10K and are shown in Fig. 17. The peak at 1,512 eV is attributed
to neutral acceptor bound-exciton transitions and the double peaks at 1, 4927 eV aud
1. 4903 eV are believed to be due to free-electron to carbon accepor and donor-to

; 9,5
carbon acceptor pair transitions, respectively. 3,50

Although this doublet is not
always seen, the relative intensity of the 1.512 eV peak always increases relative
to the carbon acceptor transitions when excess hydrogen is added during growth,
Ihis result suggests that the number of carbon acceptors is reduced when H is

- . s o P 1 Il ;
present, The peak at 1, 4060 eV is attributed to Mn on a Ga site. Phonon replica
are also observed.

. Growth of ln ‘Uu‘.‘\s an P

‘ -
I'he ultimate goal of the contract is to grow MBE films of I"l-x““x:\sl-\'l‘v on
InP and to evaluate the performance of devices made with these films, However,
phosphorus is an extremely volatile element and once introduced into the MBE system
traces of phosphorus will always be present unless elaborate cleaning procedures
are employed to remove it, In view of this it seems judicious to first investigate the

properties of the ternary compound, In ‘Ga‘z\s, as grown on an InP’ substrate, The

l..
InP substrate preparation procedures will likely be the same in both systems as will
the control of the In and Ga fluxes in the incident molecular bearis, Uhe ternarvy
compound is also of interest in that the 300 K mobilities are found to increase mono
g 2 res X » 23 2 " 24
tonically from 7000 cm™/Vsec for GaAs™ to 16700 cm™/Vsec for InAs,

To determine feasibility, two attempts were made to grow lnl_‘(l;\\:\s on Inb

using different In/Ga flux ratios and a substrate temperature of S00°C, The In and

37




Ga fluxes were set for a growth rate of about 3 K/sec. The As/lnl_x()ax ratio was

10. Both films were crystalline with x = 0, 22 and x = 0, 37, In both cases an excess
of In and Ga was observed on the surfaces, indicating the need for a higher As/l"l-xGax
ratio with the substrate temperature at S00°C. These results are encouraging and
indicate it should be straightforward to grow [no. 53(‘,30. 471\3, which lattice matches
InP, on an InP substrate.

If the indium and gallium molecular beams are derived from separate sources,
the relative position of the sources with respect to the substrate can result in a signif-
icant variation in the composition of the grown film, particularly for large area films,
If a specific In/Ga ratio is required, this problem can be circumvented by mixing the
In and Ga in the same source, The partial pressures of the indium and gallium from

such an alloy are given by:
)
Y - Y
l In lln YIn Xin
(\]
- P
PGu l(?u YGa X(?a

where,

) ) .
P;n and l‘:‘,‘ are the equilibrium vapor pressures of elemental In and Ga at
AL

the alloy temperature, Yln and XGa 2T€ the mole fractions of In and Ga and In and
¥
YGq 3T€ the activity coefficients of In in Ga and of Ga in In, respectively, The

thermodynamic expressions for the activity coefficients are:

- ¢ 2
RT fa YIn . aln Ga XGa

‘ ? ) 2
RT £n YGA © %n Ga Xin




-—

where afn Ga is the interaction energy of In and Ga in the liquid phase, For Ga-In

: 52
melts, two values of interaction energy, nlln(‘,u = 1060 cal/mole (Panish & Nllegems)

L
In Ga

expressions for y are logarithmic, the difference in these values of a

= 1850 cal/mole (Pearsall & Hapson)53 are available. Because the above

4
In Ga

and a

results

in a relatively insignificant change in vapor pressures for In and Ga at least for

XGa Xln x 0.5. With these considerations, it should be possible to grow uniform

homogeneous epitaxial films of l"l-x }axAs on InP, while maintaining a precise In/Ga ratio,
Extending this concept to the growth of l"l-x(;uxAsl-yP_v on InP, a similar

procedure could be considered using a ternary alloy of Ga-As-P for the control of

the As/P ratio, The vapor pressure of phosphorus, however, is three orders of

magnitude larger than that of arsenic; therefore the mole fraction of phosphorus

required would be small and a large amount of the melt is needed if several epitaxial

layers are to be grown between source changes, An alternative procedure which is

being introduced into our MBE system is to mix gases such as Asll:‘ and P”B in the

desired ratio outside of the system and introduce the mixture into the system through

a precision leak valve., It is expected that these gases will decompose at the substrate

surface to supply the desired arsenic and phosphorus, The resulting hydrogen present

should be beneficial to the growth of high quality epitaxial layers.

39
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lII. SUMMARY

The research performed in the first year of this contract has led to a significant
advancement in the state-of-the-art of the MBE growth of GaAs and to new insights
in MBE technology for the growth of other compounds as well. The introduction of
H., into the MBE growth chamber during the growth of GaAs layers has significantly
increased the carrier mobility in these films, Strong evidence is shown that the
effect of the 112 is to reduce the incorporation of residual impurities such as carbon
and oxygen which are likely to be derived from the system residual gases even
though these gas pressures are in the range of 10° ¥ Torr or less, The significance
of this discovery may be far reaching for the growth of the quaternary compounds of

GalnAsP in that it allows the possible use of AsH4 and PH3 as sources of As and P,

Not only can these gases be precisely mixed outside of the MBE system for the ac-
curate control of the As/P ratio, but the decomposition which should occur at the
substrate will result in an abundance of hydrogen (H2+ + H;‘) which has been shown to
significantly improve the electrical characteristics of the GaAs layers. It should be
noted that the introduction of AsHy and PHg will in no way compromise the advantages
of MBE growth, The partial pressures of these gases will be about 10-6 Torr

where their mean-free-paths are several orders of magnitude larger than the
substrate distance. Also, the growth of the quaternary films is controlled entirely
by the In and Ga fluxes since the sticking coefficients of As and P are essentialy

zero unless In or Ga are present, 3

e
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