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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
GaInAsP 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 GaInAs films on InP substrates, and have considered pos-
sthle 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 i&~ cm 3
the electrical characteristics appeared normal but as the carrier concentration was
reduced below io l7 cm 3 the increase in 77 K mobility normally observed was not
seen. This is expected if the ionized impurity concentration remains in the range of
5 x io16 cm 3 to 1017 cm 3. After a careful review of the literature, 1-8 it became
apparent that very little 77 K mobility data on MBE layers was available and that
nearly all of the publi~hed data agreed with our results.7 Only one published 77 K
mobility value1 was significantly higher than all the others and there is no indication
of its reproducthility. 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, descrthed in de-
tail in this report , significantly reduces the carrier compensation due to residual
impurities and results in much higher electron mobillties. 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 descrthed 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 GaInAsP on InP substrates.
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f I. I NTRODUCTION

The use of epitaxial layers and of heteroepitaxial layers of conço tind semicon-

ductors In recent years has had a significant Impact on the development of new and

f useful semiconductor devlces.~~~~ ~~
Interest in the quaternary alloy ~~~~~~~~~~~~~~ is primarily based on the

applications of this material to optical devices such as light emitting diodes ( LED),

photo-emissive cathodes and heterojunction lasers. 15-18 The princ ipal advanta ges

of this material are that lattice-matched layers can be epitaxia lly 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 cha racteristics - - min imum loss1~~and

minimum dispersion~3._..-- in tha 1. -t ..3—~~~- ran~e.) It is also of importance in

electrooptical device applications that GaInAsP 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 f~ ld-effect transistor (MESFET) and transferred

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

cha racteristics of these alloy s and of GaAs.~~r The calculated maximum electron

drift velocity for the quaternary alloy can b~ 4’h~ 
‘higher than for GaAs with a compa r-

able high-fi eld saturation velocity. Calculatlons\J
\
so indicate that electrons in the

ternary alloy Ga0 51n0 5As have a maximum dri~~veloclty about l5~ greater than

for GaAs. The transferred electron amplifier Is also\f great Interest because of

the observation of low noise figures for lnP devices. 22 \~ecent experiments on the

epitaxial growth of Ga 1 ~
In

~
As on GaAs show that the low~ fl eld mabilities for electrons1
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in th ese alloys increase monotonically from about 7 ,000 cm 2/Vsec for GaAs23 to

16 ,700 cm 2/Vsec for InAs in spite of the lattice mismatch condition throughout the

alloy range. 24 One of these ternary alloys (Ga0 471n 0 53As) is lattic e matched

to m l ’  and should be a good candidate for the stud y of MESFETs as well as avalanche

photod iodes and heterostructure lasers. Furthermore , si nce the highest frequency

devices require thin layers and cont rolled carrier concentration profiles , MIl E is

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

Man y het erostructure devices have suffered substantial degradation in operation .

Alth ough the sources of this degradation are not well understood . I n many cases there

has been a correlation between the deg radation and the propa gation of defects In the

epitaxial layers. 25 Three impo rtant sources of these defects are l~~tice-mismatch

between layers , i nterface states , a nd the propa gation of dislocations from the sub-

st rates. The first source of defects can be eliminated b’~ growing lattice- matched

epitaxial layers on single-crystal substrates , for example , Ga I nAsP on I nP. We

believ e that layer growth by MI3E has the potential to greatly reduce (and perhaps

eliminat e) the other two major sources of defects. Si nce the growth takes place

in an ultra-high vacuum , it can be initiat ed Onto either a congruently subliming sub-

strate or a stoichiometri cally stable subst rate (e.g., for lnP heated in a phosphorus

envi ronment), which should virtually eliminate terminal surface bonds or Interface

states. It has already been demonst rated26 in GaA s tt~ t subst rate surface asperities

can be eliminated in the Init ial  phase of MIlE growth and atomically flat surfaces can

he achi eved. Also , since the subst rate temperature required for proper MIlE growt h

is lower than for other techniques , it may be possible to inhib it propagation of sub-

st rate dislocations .
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Furthermore , it has been shown 27 that the thicknesses can be precisely cont rolled

dow n to layers as thin as 50 A 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 techn ique. 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 severa l semiconductor devices. 29-38

Some of these devices are listed in Table I. The characteristics of these devices are

compa rable to those made from crystals grown by other technique s, which indicates

that alth ough MBE growth is a relatively new development , MBE technology is consid-

erabl y advanced . We believe, however , that the discoveries which were made in the

first yea r of this contract represent a signii~~ant cont ribution in the state of the art

of GaAs MBE technology which will carry over to other Ill-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 A/sec to 10 A/sec

the vapor pressure required to keep an unwanted impurity at a level of io 14 cm 3

would be about iø ’5 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 ~~~~~ CO. CO2 and 02 whIch

a re likely to have small sticking coefficients . However , most of these gases are

pre~~nt i n the 10- 10 Torr range and collide with the growth surface at about

ti mes the incident gallium flux . If their lifetimes on the surface are sufficient for
t

the molecules to reach thei r dissociation energy at the substrate growth temperature ,

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

these effect s are important and in fact are the limiting factors in current MBE film

3~
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qual ity . The pressure of these gases can he fu rther reduced, possib ly to ~ 
11 or

10 I Torr , thr ough cryogenic (10 K - 20 K) pumpIng . Such pumping will soon he - -

Incorporated into our system , hut the t imes required to reach these partial pressures

may he prohibitive . Even if these tow pa rt ial pressures can be achieved , we believe

tha t our current approach of reactively forming other compounds with the residua l

gases that neithe r stick nor r emain dissociated at the growth Interface will be bene-

fi cial in the growth of hi g h quality epita xial lay ers . To ou r knowledge, our research

Is the onl y wo rk report ed 39 on the doping effect s of residual gases in MilE systems.

5
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II . I’ROGRESS DURING C UR R E NT PROGRA M \ ‘EAR - 
-

A. MIl E System Description:

A photograp h of the MIl E system and associated electronics used in these studies

is shown in F i g. I . The sy stem consists of a hor izontal  bell j a r  u l t ra -hig h vacuum

chambe r pumped with a 400 I/ s ion pump, a t i t an ium sublimation pump and a LN 2

crvopump. After baking the entire sy stem 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

chambe r is purged with dry N 2. The system can then be pu m ped to a pressure of

2 x 10~~ Torr wi th in  lb hours . The dominant  residual gas remaining is N 2 which

has no apparent effect on the epitaxial growt h . 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-p osit ion carousel-type holder which is 3600 rotatable

and X , Y , 7. t ranslatable over about one cu. in . The sources are nrndifled Knudsen

cells and are surrounded by a liquid nitrogen cooled shroud . The MBE chamber also

contains an Auge r analyzer which is used to examine the substrate surfaces for p05- -:

sible contamination prior to epita xial growth . A rgon sputter ion guns are ava ilable

to remove such su rface contaminant s as carbon . An electron gun and phosphor screen

are provided to obtain reflection electron diffraction , (RE D), patterns of the epitaxtal lv

growing surface . This in-si tu 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 defect s and surface cry staUinitv

of th e substrates and of the Mil E films. A mass analyzer is also available to monitor

the molecular beams and for anal ysis of the residual gases in the system .

7
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A sectional sketch of our MIlE source heater assembly is shown In Fig. 3. The

enti re essembl y is made of 4 - 9’s purity tantalum and ~‘yrol ytic boron nitride insu-

lato rs . The source crucible (not shown in FIg. 3) is also made of hi gh pu r ity pyro-

lytic boron nitride .

The substrate holder assembl y is shown in Fig. 4. The subst rate is mounted

with ‘ nd iuni on the holder sub-assembly in a lamina r flow clea n bench . A cover glass

is placed over the substrate to prevent particulate contamination in the tra nsfe r of

th e sub-assembly to the MilE chambe r. The sub-assembly which now consists of the

substrat e indium - -bonded to a M0 disk and capped with a cover glass- - is also

bonded with indium to the substrate holder to insure thermal uniformity. A fter evac-

uation of the MBE chamber , the cover glass is removed by rotating the substrate

holder to the inve rted position .

II, Substrate Preparation:

Althou gh substrate preparation Is impo rtant in any epitaxial growt h process , it

is pro bably more important in MBE growth than in any other . The reason for th is

is the lack of a convenient tn-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 purpo’~e 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-

t rically sputter the subst rate surface. The stoichiometry must also be mainta ined in

the post-annealing of the sputtering damage. To our knowledge there has been no

ca reful study of sputter etching for MilE growth. The extent of ion sputter etching

used In this study has been to clean the surface of carbon contaminat ion which is

believed to he within a few monolayers of the surface.

9
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. ~~~~(a) CH EMICALLY ETCHED (b) THERMALLY ETCHED
(<0.5—p.m damage ) ( pits 105/cm2)

(c) THERMALLY ETCHED (d) EPI-LAYER 2-p.m THICK
( pits ~s105/cm2) (570°C, 0.8/.Lm/hr)

_ _ _ _ _ _ _  

_ _

(e~ CHEMICALLY ETCHED (t’l EPI-LAYER 2-p.m THICK
(thermally etched clean surface) (570° C, 0.8 p.m /hr)

Fig. 5. Microphotographs showing the effects of substrate surface
damages on the MilE growth of GaAs.
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Considerable effort has been ptt into correlating MilE film surface morphology

with substrate orientation and quality and wit h the experimenial growth parameters.4°

It is generally accepted that various dislocation lines appea ring in the film can be

attributed to a strained substrate or lattice mismatch. Dendritic growth usually

results fro m 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 duri ng growth, it was pos-

sible to observe the pyramida l 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 ,

si mila r light scattering centers were observed . Microscopic examination of these

surfaces showed the scattering centers to be thermally etched pits resulting from a

dama ged 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

pyram ids or mounds. Continued epttaxtal 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 cont rast micro-photograp~is 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 urn . From subsequent

In vestigations It is estimated that this sample contains a small amount (‘~2 u~m) of

hurled 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.

- 
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These conditions simulate the thermal etching which occurs in the MilE system . For

this substrate, the pits formed by preferential evaporation from damaged area s have
5 2a densit y of ~ 10 /cm . Figure 5(c) is a scanning electron micrograph of the pits

showing the <l00~ su rface symmetry . Figu re 5(d) is an interfe rence contrast micro -

photograph of the su rface of a 2 urn- thick film grown on pa rt of the substrate shown in

5(a). The surface irregular it ies do nd occur onl y where the pits are formed, hut

over the entire surface , fly cont rast , Fig. 5(e) is a photog raph of a thermally etched

subst rate prepared identically to that of 5(b) with the except k-~ ii that several additional

microns of material were removed in the final chemical free-etch . Most of the sti r-

face damage has been removed as evidenced by the comparatively low etch pit density .

The surface topography of a 2 .&rn-thick MIl E layer grown on this surface is shown in

Fig. S(fl. 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 usin g

prec ise photolithographic techniques.

The current method of preparing GaAs substrates for MI lE growt h is a modifica-

tion of a procedure developed at this Labo ratory for vapor epitaxial growth . The wa fers

are string-saw cut 20 off f rom th e( l 00 )  plane in the <2 1 1’d i r e ct i o n . They are ground

and cheml-mechanically polished on a polyurethane felt pad with a solution ~f 40 gtu

Na 2~ O3 In one liter of 1:1 1120 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

a re soaked in a KOH solution to remove any trace of mounting waxes , followed by a HCI

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 I1 2S04, 11 202 and 1120

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

14
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purL ty 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 Ky , a beam current of 275 u A, and an Auger

electron energy scan range of 0 to 2000 eV. The differentialAuge r 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 sul fur 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 a rgon 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 C02-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 Diffra ction Studies:

Figure 7 shows how Reflection Electron Diffraction4’ (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 ottained 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

15
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di mensional diffraction is observed , An accurat e quantitative structure analysis of

the growing surfaces through observation of RED patterns is not feasible for seveia l

reasons. Because the angle between the incident and diffracted electron beams is

small , it can be shown that the interplariar atomic spacings are related to the RED

rings or spot s by the expression;

ç 
-

whe re ‘~ is the electron de Brogli e wavelength, L is the distanc e between the sample

and screen and R. are the radii of the c ircular patterns defined by the RED rings or

spots. Unfort u nately L is not well defined because the electron beam at grazing

incide nce 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 M-BE system which would not

inte rfere with the growth nor contribut e to the contamination of the epitaxial layers.

Even with these restrictions, however , the RED patterns provide valuabl e information

about the growing surface layer.

Figure 8 shows high energy RED patterns (18 KeY electrons with the incident

beam along the [110] azi muth) from a (100) GaA s surface. The initial diffraction

pattern consisting of well defined spot s is obtained from a chemically and thermally

etched GaAs substrate. After depositing 150 ~ of GaAs, the surface has become

elongated in the direction normal to the surface. At the same time , additi onal

features have appea red half way between the original columns of diffraction spots.

These “1/2 -order ” streaks 42 are due to a re-ordering of the ai rface atoms in such

a manner that a dynamic equilibrium is established between the molecular species

19
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in the vapor and that on the surface . For a given orientation , there are three patterns

norma l ly seen; that corresponding to a stoichiometric surface , a surface deficient

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

in the 1110 1 azimuth of a ( 100) stoichiometric surface which is seen prior to epitaxial

growth . By adjusting the ratio As/Ga in the incident fl ux and the substrate tempera-

tu re  (which determines the decomposition rate of the substrate), the growt h condit ions

can he set where the di f f ract ion pattern of FIg. 8(a) is seen throug hout the epitaxial

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

t ions  ~1Iid 1:1g. 8(c) is that seen for a gallium rich surface . Pre l iminary  studies of

the  qualit y of ~ ~BE grown fi lms as a function of the deviation from stoichiometry

indicate that the hig hest 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 f or  reproducibl y obtaining optimum MBE

growt h conditions.

0, Mass Spectrum Anal ysis:

:\ UT! 300 c quadrupole mass analyzer is used to monitor both residual gases

and molecular fluxes incident on the substrate surface prior to and during epitaxial

growt h . All of the residual gases in our MBE growth cha mber have relatively small

masses and are seen in the ran ge 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

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

21
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2 x l0~~ 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 h yd roca rbons. Some of the effects that residual

gases have on MBE growth of GaAs are discussed in a later section . Figure 10 is

a sriectrum in the 0 - 300 aIim ra nge of the partial p ressu res of the incident molecular

beam flu xes of arsenic and gallium and their cracking patte rns taken during M IlE

growth of a GaAs layer . The arsenic source used in this growt h was b-9 ’s pure

crystalline arsenic. The calculated As4/Ga ratio is approximatel y 10: I . With the

subst rate temperature at 575°C, th e GaAs epitax ial 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 galli um source tempe rature Is plotted

in Fig. ii . 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 molecula r flux density 43 :

F =  P(T)A
4r1 L ~~ 2ii rnkT

where h
P(T) = equilibrIum vapor pressure at temperature T

A = aperture area of source
L = distance from source to substrate

rn mass of evapo rant species

For these experiments , the sou rce control thernioc~ .i ple is embedded between the

fu rnace wall and the pyrol ytic boron nitride crucible containing the Ga . This control

the rmocou ple was calibrated by i mmersing a second thermocouple in the Ga liqu id.
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The results indicate that films thicknesses can be controlled to within a iout 1(~
t
~’, ~ y

simpl y controlling the Ga source furnace temperature.

For a given Ga flux , the required As flux Is determined by the subst rate temp-

erature . Because the As sticking coeffic ient is u n it y  when the substrate surface

is Ga -rich and approximatel y zero for a stoichiometric GaAs surface , the epita xta l

layer does grow nea r stoichiomet ric in an excess arsenic environment . Most layers

were grown at a rate of 3 ~/ sec , a substrate te mperature of 575°C and an As 4 Ga

ratio of 5.

F. Electrical Properties:

Ca rrier concentration s and mobilitles obtaIned from van der Pauw and resistiv ity

measu rements on some early films are shown In Table II. The thicknesses of these

f i lms  ranged from 2 u rn  to 5 u r n . The data clea rl y show that the unintenti onally doped

films a re p-type and have nearl y two orders of magnitude va riat ion In carrier concen-

tration . The Si-doped fi lms are n-type with concentrations va ry ing inonotonically

for Si sou rce temperatures above 850°C. With Si - source temperatures below 850°C

the f ree carrier concentration varies randomly . This probabl y reflects the degree

of compensation resulting from system background impurities which Inva riably diff e r

from run to run , That the films are highly compensated is also reflected in the low

mobilit y values , particularl y at 77 K. CorrespondIng 77K mobilitIes for uncompe n-

sated ii -type GaAs grown by vapor phase epitaxy (VPE) 45 are about an order of magn i-

tude greater than those shown in Table ii .

C, Effect of H 2 on Electrical Properties:

For a growth rate of 3 A/sec the incident Cia fLux density is ~ ‘ ~~~~ atoms/cm 2 see.

Assuming that the observed 77 K mobilities listed 4n Table ii are governed primari ly by

ionized impur ity  scattering, the fi l ms would contain 10 17 cm ‘
~ total Inip t i r i t ics . l’o

25
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obtain this impurity level with unity sticking coefficient , the residual impurity fl ux

density would be 1O9 molecules/cm 2 sec. Since the limit of detection of the mass

analyzer used is 1011 molecules/cm 2 sec it is possible that the residual impurit y

or impurities are not detectable in the vacuum chamber. The detected gaseous

species, shown in Fig. 9, are H21-Ie , ~~~~~ H20, 02~ N2, CO. Ar and CO2 w ith

their corresponding cracking patterns . Within the sensitivi ty limit of the anal yzer

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

are potential dopant s in GaAs. Carbon is a shallow acceptor46 0.026 eV above the
47valence ba nd. Oxygen is believed to be a deep donor 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 rm re of the above molecules at the

substrate temperature. The dissociation products, i. e., ioni zed atomic carbon or

oxygen , are both highly reactive with hydrogen and in the presence of a hydrogen

atmosphex~ 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 GaA s at the growth temperature. It should be noted also

that the above reactions w ith H 2 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

com pou nds, the MBE work chamber can be pumped to its original base pressure of

27
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2 x 10 10 Torr. This Is easily achieved by evacuating the input of the cell to a

pressure of 5 microns with an LN 2 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

H2. The electrical properties of these films are shown in Table III. There are

two significant differences in the properties of these films and those grown without

the H2 badcfill shown in Table II. First , the mobilities both at 300 K and 77 K are

considerably higher for the films grown in the presence of H2. Second , for the sam e

silicon source temperature a higher net donor concentration is generally obtained for

the films grown in the presence of l~I2. In fact , for a silicon source temperature of

750°C the film s have been converted from p-type to n-type with the addition of u2
under controlled experimental 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 dopwg chaige occurs in films 27 A and 27 B

where the concentration Is slightly higher when H2 is not used. These films were

grown after a new source furnace was put int o the system and an unusually nigh

background pressure of CO was prese nt . This suggests that the hyd rogen is also

affecting the incorporation of oxygen and whether the free carrier concentration is

increased or decreased when growing in a H 2 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~
NA, were obtained from Hall measurements ani the total ionized impurity

concentrations , N E~l~NA, were obtained from the 77K mobility analysis. 45 It is

clear that substantial reduction s In ND~f NA have been achieved. As shown In Fig. 13,

- — 
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a SO t imes reduction was attained for the films with the lowest net donor concentrations ,

There is very little 77 K mobilit y data available on MRE grown u-type GaAs layers with

wh ich our results can be compa red. All of the published data are plotted in Fig. 14

with our current results. The highest pur i t y  sample repo rted to date was that oh-

ta m ed by Cho and Ar thur  with a total ionized impur i t y  concent ration of 2. 1 x 1O~~ ciu~~

and a 77 K mobil i t y  of ~() , 00O cm 2/Vsec. This value has appa rently never been repro-

duced . All of the remaining data is for samples with N J ) N \ � io 17 
cm 

- 
‘~ whi cl

corresponds to our l imi t ing  values without the use of 11 2

II .  Phototumi nescence Measurements:

The photoluminescence properties of these samples were also examined to gain

more informat ion on the effect of hydrogen introduced dur ing  growth . l’wo optical

systems were used for these measurements. To investigate the broad hand deep

level luminescence frequently seen in GaA s , 48 the samples were pumped with a

~0() tn \V k r v j~ on laser . The luminescence was observed with a CsI3r p r i sm spect rome-

te r and synchronousl y detected with a cooled PbS detector . For ba nd & ‘d~ &’ luminescence

measurements a 50 m~V Il eN e laser was used. The edge lum in escei icc  W a s  dispersed

with a 3 ‘4 m~~er grating sp~~trometer and synchronousl y detected w I th  a cooled

photomutt iplier equipped with a GaAs photocathode.

Results of the deep level photoluminesce nce measurement s nu de at ~~) K on two

n—t y pe silicon—doped fi lms and on two p—t y pe undoped f i l i • : s  with differ ent hyd rogen

p ressures are shown in Figs. 15 and Iti , respectively . The electrical cha racteri stics (it

each film are shown in the insets. The dominant effects of the hydroge n in each case are

the large reduct ion in intensit y of deep-level luminescence and an incr ease in ba nd -

edge luminescence. The deep level luminescence with max ima  at 0. S~ e\ in the

33
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ii  - type f i lms and at 0. 81) eV in the p—t y pe sample are believed due to oxyge n or
4$oxygen complexes.

l’he ha tid —ed ge I um i  iiescence spectra for sani ples 28 A and 2$ U W C I e  exami  ned

more ( ‘Iost ’l v at 10 K and are shown in Fig. 17 . flie pea k at I . S 12 e\-’ is att  i ihcitcd

t o neutral accepto r hound — ex c iton t ransi t ions and the double peaks at I . 4927 eV iii ~ 1

1. 4903 eV arc  bel ieved to be due to free— electron to ca rho ii .icccp~~r and donor—to

i’a rbon acceptor pair  t rans i t ions , respectively . 49 , 50 Althoug h t l i i  s doub let is not

a lwa y s  seen , the relative intensit y of the I . 512 eV peak a l w a y s  Incr ea se s  rel a t iv e

to he ca rtxm acceptor t r. n s it ions  when excess hydroge n is added dci r ing ~ rt iwi I i .

I’h i s result suggests that the number of carbon acceptors is reduced when I I is

present . l’hc pea k at 1. 40h() eV is at tr ibuted to Mn on a Ga s i t e . ~ liionoii replica

a i-c a l so obser ved .

1. (;r~ wth of Lu Ga As oct iuP1-x - --x
rh~- cdt imat e  goa l of the contract is to grow MI3F f i lms  of In 

~ 
a~~.-\ s i ~ y

P~ on

m l ’  and to evaluate the perfo rn iancc of dcvi ecs made w i t  Ii these f i lms . I t owev e i . ,

phosphorus is a ii ext remclv volatile element and once int roduced in t o  th e \ l J i i  sv st c i i i

races of phosp horus wil l  a lway s  be present unless elaborate cleaning procedti res

are employed to remove it . In view of th i s  It seems ~udIclous to f i r s t  inv es t  i~ at c t h e

prope rties of t h e  it riia rv compound . In I —~~~ 
;a 

~ 
As , as grown on an I iii’ scihst rate , I) ie

m l ’  subst rate prepa rat ion procedu i-es tv i ll l ik e ly  he t h e  same in bot h svstenis  as w II

the cont rol o f tik ’ In and G.i f luxes in the Inc ident t i ioleccula r heat ~~. L ’Iie Ic rii . i  r~

cOt~~~j~~ und I S Iso of interest iii  that  the 300 K mobil iti vs are found to inc rca se fflO 110

- )  -13 ‘1 .14
tonical ly from 7000 cm /V seL’ for ( a A s ~ to 1b70() cm /Vsc~ for I n A s . —

ro determine feas ib i l i ty , two attempt s were made to grow In 1 ~
Ga

~~
\s on l id ’

u sing d i f f e ren t  Iii  / ( a flux r~itios and a subst r a t e  t empera ture  of 5000( ’. !hic Iii .i n&1

37
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Ga fluxes were set for a growth rate of about 3 A/ sec. The As/In 1 ~Ga~ ratio was

It ) . Both fi lms were crystall ine with x = 0. 22 and x = 0. :37. In both cases an excess

of In and Ga was observed on the surfaces , indicating th e need for a hig he r As/ In

ratio with the substrate temperature at 500°C. These results are encouraging and

indicat e it should he straig htfo rward to grow In 0 53Ga 0 47As , which lattice matches

m l ’ , on an (nP subst rate.

If the indium and gallium molecular beams are derived from sepa rate sources ,

the relati ve positIon of the sou rces with respect to the substrate can result in a s ig ni f—

icant variation in the composition of the grown film , pa rticula rly for Large area fi lms .

If a specific In/G a 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 ga ll ium from

such an alloy are given by :

- p t1
In In ‘i’In Xin

~1 ~~I~0(Li — (Li t’Ga ‘
~(Li

‘t he re ,

and P~. are the equi l ib r ium vapor pressures of elemental In and a at

the a h o y  temperature , ‘<~ 
and Xç’~ 

are the mole fractions of In and Ga and at ic l

a re the a c t i v i t y  oefficlents of In in Ga and of Ga In In , respectively . flle

the rmodynamic  expressions for the act ivit y coefficients are:

R T t n  v111 : Ga XGa

R r  in 
~
‘GA ~ln Ga ~-1n

38



r

where 
4~ Ga is the interaction energy of In and Ga in the liquid phase. For Ga - In

melts, two values of interaction energy , 
~~ 

= 10b0 cal/mole (I’anish & fllegems) 52

and C4n Ca 
- 1850 cal/mole (i’earsall & Hapson)53 are available. Because the above

expressions for y are logarithmic , the diffe rence in these values of a~~ ;a results

in a relati vel y insign ifi cant change in vapo r pressures for In and Ga at lea st for

~Ga ~ x 0.5. With th ese considerations , it should be possible to grow uniform

homogeneous epitaxial films of mn 1~~ Gu~As on luF , while ma inta hii in g a precise In/ Ga ratio .

Extending this concept to the growth of In (;a As ~~~ on laP , a simi la r

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

the As /I’ ratio. The vapo r pressure of phospho rus , however , is three orders of

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

required would be small arid a large amount of the melt is n eeded if several epitaxial

layers are to be grown between source changes. An alte rnative proced u re which Is

being introduced into our MilE system Is to mix  gases such as As h .3 and i~l h 3 in the

desi red ratio outside of tile system and introduce the mixture into the system through

a precision leak valve . It is expected that these gases will decompose at the suhI st rate

surface to supply the desired arsenic and phosphorus. The resulting hydrogen presetit

should he beneficial to the growth of hig h quality epita xial layers .
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ii!. SUMMARY

The research performed in the first year of this contract has led to a s ignif icant

adva ncement in the state-of-the-art of the MBE growt h of GaA s and to new insights

in MIl E technology for the growth of other compounds as well. The introduction of

i~i 9 into the MIlE growth chamber during the growth of GaAs layers has s ignif ic ant ly

inc reased the carrier mobilit y in these films . ~ rong evidence is shown that the

effect of the 117 is to reduce the incorporat ion of residual impurities such as carbo n

and oxygen which are likely to be derived from the system residual gases even

though these gas pressu res are in the range of (0 10 Torr or less. The si gnificance

of this discove ry may be far reaching for the growth of the quaterna rv compounds of

GaInA sP in tha t it allows the possible use of AsH 3 and P1-I3 as sources of As and P.

Not only ca n these gases he precisely mixed outside of the MI3E system for the ac-

curate control of the As/I ’ ratio , but the decompos ition which should occur at the

substrate will result in an abundance of hydrogen (H~ + H~ ) which has been shown to

s ign i f i can t ly  improve the electrical cha racteristics of the GaAs layers. It should he

noted that the int roduction of AsH 3 and P it 3 will in no way compromise the advantages

of MIl E growth. The partial pressures of these gases will be about 10
(1 

Torr

where thei r mean-f ree -paths  are severa l orders of magnitude larger tha n the

SLd)st rate dis tance. Also , the growth of the quaternary films is controlled entirel y

by the in and Ga fluxes since the sticking coefficients of As and P are essenti~~ly

zero unless In or Ga are present .
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