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ABSTRACT

Epitaxial Galiﬁyz Arsenide
A
Y

Gipiio D'Asti

v ¥ ¢
By the use of the Close Spaced Vapor Transport (CSVT?,

" an epitaxial gallium arsenide (Gahs) thin film has been

deposited on semi-insulating GaAs (SI GaAs): The epitaxial /
deposition has beer confirmed Sy X-ray diffraction spectra'
and SéM observation of etch pit shapes and orientatiéﬁ (1) .

The effects of hydrogen flux, source to substrate
distances, transport temperatufe has been measured for S§I
GaAs deposited on SI GaAs uaiﬂg ditferepg spacer materiais
(semiconductor grade and high density grade:%;aphite,‘boron

‘nitrite, and fused silica \(5i0,)). These results have

shown that the deposited films were n-type with a carrier

concentration of’3.9x1,016 to 1.15x10%° cm™3, and

’

- ] - . «
with m?bilities ranging from 151 to 3313 cm2v lg™d

were obtained.

1 cm—

A thermodynamical model for the growth of GaAs, based
» , . }1 . . .
L” R | .
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on the. cquilibgtum constants of the reactions corresponding
to the surfaces of the source and substrate temperatures, is
surmarized. - . J
~Using an equivalent thermal resistance circuit, a
sample ;alculation is given on how to obtain the surface
Femperatufés og‘the source and substrate. - ’

The EL2 éomplex is described and analysed usin? the
multilevel energy model. This complex is responsible for |
therxistégce of'?unébped"-semi-insulating GaAs.

From ghg different spaderﬁfusgdﬂ a discussion on the-
probabl; cause for thé measured high concentrations is
given. ‘f ’ . N .

Semi-conducting as well as Semi-Insulating GaAs were
‘successfully deposited\on qermahium substfatés (Ge) .
GaAs/Ge is discuéseﬂ #s'a futurg‘hetroeﬁttaxial solar cell

having a power conversion efficiency of 17 to 20%.

»
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. 1. INTRODUCTION

+

¥

e 20 years ago the technique of the Close Spaced Vapor
Transport (CSVT) for tn}n.film depoé&tions was intéoduce* by
an RCA team (2). s%pce then, many semicopducté?s‘have been
deposited using this technique (Gé, Si, cas ,cdsSe, CdrTe,
ZnSe, HngTe,-CuInSz, GapP, GaAsxPl_x, and GaAs) (1l).

This research was aimed at investigating the effects of
different sources and spacers in the CSVT ieaction, to be
able to control the carrier concen}rétion of tﬁe‘deposited
layers. This control of carrier co;centrations would
eventually permit/the realization of an undqpeé—Semi
insulating Gallium Arsenide (SI GaAs) deposition. Such a
depositi;n would be used in conjecture with germanium (Ge)

¢
for future integrated circuit manufacturing (3).

13

The second part of this investigation was aimed to

successfully deposit Semi conducting (5C) and SI GaAs on

Wy

Qermanium (Ge) (or fyture solar cell\faﬁrication°using )

GaAs/Ge heteroepitaxial composition. The advantage of the
CSVT lies in its simplicity and easiness for its industrial

implementafion (4). Thus, many variables were used to

~ determine the reasons of high to low carrier concentrations

of the deposited layers.

: ‘ ’
-~ —
= - .

“~
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- water and dried with a nitrogen gqun.

-2- : s

B 4 - 2. EXPERIMENTAL pnocznés .

a/

i

?;9 The GaAs wafers were purchésed from M/A Com Laser Diode

"Inc. All wafers used)éere of 0.5 mm in‘thickness, had. an

8

orientation'of <100>, with anresistivity of 1x10~ ohm cn,

and- a' dislocation density smaller ﬁhan 10° per centimeter
square. The wafers ‘were polished on one side and 20 pieces

I

of lcm x lcm were obtained once tne wafer was cut. The lcmw
- (”I
square samples were used for sources and substrates.

.
2.2 Cleaning of SI GaAs Samples
. )

The samples were cleaned in a refluxing acetone for a

" minimum period of 15 minutes. Both sources and substrates

were etched at 80 degrees centigrade in a mixture of
H,S0,:H,0,:H,0=(5:1:1) until a fine clean surface
was obtained. The substrates were etched for a shorter

ambunt—offpime. The samples were then rinsed with distilled

]

2.3 CSVT System

_ The CSVT system is shown in figure 1. The main part of
the reaction chamber is made up of the graphite blocks held
on a quartz tube, and the thermocouple epp;y tubes which are
fitted in the blocks. The grapﬁite blocks are 3x§;i cm3.
The entry holes are o 7 cm and the quartz tubing for the

thermocouples is 0.6 cm {in diameterp

——
it

—

-

’
. .
. > '\
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Fig. 1. Schematic rapresentation ‘of tha csvT dcposition'
system: 1) N, and H, gas cylinders. 2) valves; 3)°
flow meters; %) water saturator; §5) thermocouples; 6)
graphite blocks; 7) GaAs source and substrate; 8) apacer;
9) quartz reactor tube; 10) 2000.W. tungsten-halogcn lamp; - e
11) trap:; 12) glycerol bubbler. 13) burner; 14) " hydrogen
purifier. ‘
. oL Py
# E] "“'
. . N .'" " ' i
-~" * Q 1 o _ b
. ’ . .‘ ¥ , . ’ 4 2
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The reaction tube is 37 cm long and é em in diameter. It
can be opened at one end. Teflon sleave is used to seal the
opening. All internsdl and exte£§a1 parté agé on the central
right side of the graphite.blocks. The quartz tubingfﬁhs
five }4ttie holes on its side. The system is heated by
using a 2000 wWatt tungsten halogen lamp on top of a gold
plated réflector. - — .

2.4 Epitaxial conditions

fhe spacers used for this work were made of

»

semiconductor grade purity graphite, high density graphite,
poron nitride, and‘%useé silica (sioz). The semiconductor
grade graphite spacers had thicknesses ranging f;Bm 0.3 ﬁm'
to 0.9 mm. The high density graphite spacer was 0.3 mm.
The borpn'nitride spacers were 0.3 mm and 0.7 mm thick where
the tuscd'ciliqa spacers had dimensions of 0.3 mm and 0.75
mm in thickness. All ;ﬁacers had a hole of approximately
.. 0.6 cm in diameter situated in the middle.
The graphige'and boron nitride spacers were cleaned by
degassing them in a Eitroqen atmosphere at 750 degrees
,,”contigrqgc, The fused silica spacer was cleangd with the
lgnplal unizéftﬂe ﬁ25°4’“2°2‘52° mixture. Once
the sanplqs and spacers were cleaned and installed in the
iysto-, the deposition procedures were started. First,
EB‘rn!:troqcn ("2' Union Carbide 99.99% high purity) was passed
_ -through an oxisorb unitqtﬁen to the system with a flow rate

of 250 cc/min for 18 minutes. Dry hydroggn‘(ﬂz, Union
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Carbide 99.999% ultra high purity) was then introduced in
the system atesoo cc/min for 2 minutes. The hydrogen i;
‘ Qessed through anuoxisorb unit and a palladium diffusion
hydrogen purifier (MBI ﬁP-SQ), iqf;ring less than 0.05 ppm
of oxygen. Afte¥® the 2 minutes, the hydrogen was passed
thrZ?gh a water bubblegyéeater gapér transport reagent) for

10 wminutes before the actual reaction. The water was

gaintained at 0 degrees celsi;s corresponding to a partial
pteigpre of 609.14 Pa. At the 10 minute mark, the lamp was
turned on, and the wet hydrogen was maintained for 10 to 12
minutes at 500 cc/min until the desired source temperature
vas etabilized The hydrogen flow rate during the 20 minute
deposition was between the range ‘of 350 to 500 cc/min. The
best temperature range was found to be 800 degrees celsius
fof all the iﬁVestigated conditions. The measured
temperature gradient between the source and substrate was
" kept at 50 degrees celsius plus or minus 10 degrees celsius.

Once the reaction time was over, dfy hydrogen was passed

through the system with a ff%w rate of S00 cc/min for 10

minutes. After 10 minutes, the nitrogen was used to flush

the system. The flushing lasted 10 minutes. The hydrogen

was burned using a bunsen burner at' the systems exhaust.

2.5 Transport Properties

The Hall effect measurements were performed by the use

of the Van der Pauw method (5). The ohT///contacts vere

obtained by alloylng the indium contacts &n the GaAs at 500
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degrees celsius in a hydrogen atmosphere for two minutes.
The resistivity, carrier conEentrations, mobilities, and
Hall coefficients (for determining n or p type) were
obtained. Most measures were made at room temperatuEe (300
~K). The th}cknesses of the~debosited layers were measured
using a profilometer (Talysur£’4).

The equipment used for the Hall measurements consists .
of: A Current sou;ce, a Keithley 225, the voltmetef was an
HP 3455A digital voltmeter, and the magnet was from Walker *
Scientific. Figure 2 kilustrates the above system.

I
2,6 Deposjtion Parameters as a Function of Epitaxial
Growth |

The parameters that have been yYaried during this work
were a) the hydrogen flux, b) the thickness of thé graphi;e
spacer, c) the source and subsprate tempgratpre, d) the
source (semi conductor), and e) the spacer material.

In following figures the results obtained for the
different spacers (were applicable) and different conditiong
for each sp&cer are comparéd. The water used as a transport
reagent was kep£ at 0 degrees celsiug for all experimental
work.

Figure 3 shows the variation of the growth rate
(pm/min) vensus the épacer thickness (mm). This variation
was only performed with the semiconductor grade grapﬂite

blocks and'spacers. The spacers ranged’trom'o.3 to 0.9 mm

in thickness.



Fig. 2. Schematic reéresentgtion%f"thé cha’faéterizinq
apparatus. ’

3
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6 Fig. 3. Growth rate vs spacer thiékness (semigbﬁductor
'~ grade graphite blocks and spacer),
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The érowfh rate in the above figure is defined as,

Growth Rate = d (um)/t (min)

where d is the deposited film thiékneés and t is the

deposition time. The depositiqn time used for figure 3 was

, 20 minutes. The temperature for this experiment was 1073 K

for the source and 1023 K for:the substrate. The hydrcgen
flow during deposition ‘time was ma}ﬁtained at 500 cc/min.

Figure 4 shows the variation of the growth as a
function of temperature. The semiconductor graphite spacer
and blocks were used for the results of figure 41: éhe
temperatﬁres used were 1013, 1023, 10§q,tand 1073 K and the

deposition time was also 20 minutes. From the above

figures, it can be sgen that as the temperature increases

the growth rate also increases. At 1023 and 1033 K the

growth rate is the same. This isﬁ&ue t; the positioning of
the samples oh the graphite blopks. Some variation of
temperatureidoes exist along the blocks. Normally the
samples are set as much as possible in the center of the
blocks. However, if the samples are set much further awvay
from the center.tae effective temperature'can be altered.
Because of the positioning, the actual temperature of the
source sample was not 1033 K (as measured from the center of
the graphite blocks) but 1023 K. This explains the similar

4 .
results. The results presented in figure 4 were obtained by

using the semiconductor graphite blocks. and spacer of 0.8

mnm. y

‘b?igur; 5 shows the thickness dependence on deposition

sy
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o " i : . )
time. As e*pected, the thickness increases with deposition

time. Figpre 6 illustrates the tpickness,versus the

hydrogen flow. The difference between the samples measured

was 0.4 uym. As previously shown (1), hydrogen flowﬂdoes not
—

affect the growth rate or thickness. Fhermeagurements—from.

figures 5 and 6 were obtained using a’ 0.3 mm boron nitride .

spacer. The deposition temperature was 1023 K’and the

hydrogen flow rate for figure 5 was of 350 cc/min.

3. DISCUSSION

Co ' S , |

‘ ¥
A solid which can react rever51b1y with a gas to form a}///
/
volatile product, can be used for applicetions with th;

“close spaced vapor transport,method. For GaAs, the vapbr

/
transport reaction is expressed in the following form (6,7):

2Gahs (8)+H,0(g) = Ga,0(q)+As, (g)+H,(g) /1/ z

At the deposition temperatures (1000 to 1100 K) , the

presence of As4(g) molecules cannot be neglected.

Therefore, the equilibrium between As, (g)’ apd As, (g) has

to be taken into consideration. This condition can be

represented b following expression (3):

log (P, ) = -1980/T + 1.54 /2/

4

Equation /1/ is n moditied, and the second gath for

. the trensport of GaAs is obtained as (1)- '

26ehe(o)+ﬂ20(g) - Gazo(g)+1/2As4(q)+H£T§) /Za/
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including the parallel -expression due to equation /2/: /

-14-
b )

These two equilibria, for the tiahsport of "GaAs on
GaAs, are established gt twoltemperaéures (3): : -

(i) .the GaA; source temperature Tl and ‘

(ii) the GaAs substrate temperature T,, which -~
correspond to the respective surfaces separated by the

spacer. . "

4

The following assumptions are used in

(i) the volatile components were constant at the
~——

. [ )
source and substrate surface temperaturés'(T1 and Tz)

during the transport of GaAs. Therefore, the concentrations

of Ga,0 and As, or As, can be ‘determined by-the -
equilibrium constants of the reacgtions. —
(11) awconcehtration gradient of theAvolatile.products

is established between the source and substr&te,'due to the

~disp1£cement of the equilibiruﬁ constant T, and T,.

This concentration 'gradient depends on their respective

O concehtrations at the source and substrate and their séatial

;epargtion. Theréfore{ the,driviﬁg force of the reaction is
the concentration gradient induéed by/;he.tﬁermodynaﬁic
eqguilibrium disp;acemgnp. This occurrence is due to the
average mean free,path'of the gases of }he reactive specieé
in the gempergture range 6f the reaction at atmospheric
preséuré (0.5 mm) whicﬁ is commensﬁrable with ihe separation
of the twé reactive’qurfaces.(o,B mm) (3).

f

’

.’ >3 h * N
, . . o
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For the reaction given by equation /1/, the

- thermodynamic equilibrium constants; 'K, at T, and T, can

-

be writtenras-(a):>
K(T,)r = p?(T;) = r exp(-AG°(T,)/R(T,)), /3/ and
K(T,)r = p°(T,) = r exp(-aG°(T,)/R(T,)) /4/  .°

-.where p§%§2) = p(ASZT-- p, (p is the partial ﬁressure of
the volagi%? components), r = p(H,0)/p(H,) is constant,
AG® is t;; stan@ard free.éhergy of reaction /1/ and R is

the universal gas constant. v -

By considering the steady state fluxes of the volatile
'coméonents,‘the growth rate of GaAs by CSVT can be

determined. As anéﬁxample, the case of Ga,0:
¢ !

" 3(Gay0) = D(/A)P(T))/R(Ty) - .B(T,)/R(T), /5/

*where d is the separatién between the source and substrate,
D ig.the diffusion coefficient of Ga,0 in‘hydrégen at a
mean temperature, T, between T1 and Tz' and the term on
the right. hand side represents thé'ccncentration-gradiént of

the volatile components.

-

The diffusiop'coefficieng for a gas molecule x, in

another gas ¥y, is given by (1):
/ -
2
Dyy =(3RT/B(P,+P) ( (ax+aY’§ /2)

+ ((RT/27) (mytmy) / (my - my)) /2 /587
where y is Hz' o is thé molecular diameter, m is the mqlar
mass, and T is the average temperature between T; and

'l‘Tz.‘ . °
' From equation /5a/, the diffusion coefficients of the

‘volatile species can be determined, and th%ﬁpombuted values

'/b )
> ’ . ’
7

7

—

AN
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p ;
at 1000 K in ﬁyd};gen are :1.6, 4.1, and 1.6 cm squared/sec
for Gazo: As, and As,, respecgfvely (1) . If
substitution is made from equations /3/ and /4/‘56 eguation
/5/ (e%king into account that there are two Ga atoms

obtain? for the

B

trdnsported7by one-molecule of Ga,0), one
steady state Ga flux, J(Ga) (3): 1
\
Jga = 2 Dga2p 2 X 1/6 ((K(Ty)x) ™/ “/RT)
- (KT /3/RT)) /ey

Expressions for the other volatile components can be

1/2 :

N

i

obﬁained similarly.

From equation /2/, the fraction of arsen;c present as
As,, f, and as Asz,‘lFf, can be determined. According
to the assumptions of the model used in this investigatio;,
both of the reactions reprgsenfea by equations /1/ and 7;/
reach their correséonding egquilibrium independently.

COnééquently, the total flux of Ga transport JGat' and

of As, JAét, can be expressed as .
. Taa® = 130, *+ (1-1)3g, /7/ and
Tpgs = 130, +/(1-0)3, " /8/. .
where the reaction relaéed to the As; species, according
to equation /2/, is referred to by the primed fluxes.

B As seen from the results, the diffusi;n coefficients of
szo and As, ar? thelgame, and since both of these are
less than-t?at‘ot As,, the growth rate of GaAs
characterized by the reaction given in equation /1/ can be

obtained from the total steady state Ga flux given in

equation /7A. ,
. (‘



3.2 Temperature Correctijons

-

The nofmal temperature values of T, and T, m#asured
in the graphite blocks were corrected to obtain teﬁpératures
Tyc ;ng Toc measqre& on the surface of théd samples.i
These new temperatures are necessary for the growth rate
calqulations of GaAs, since both reversible feactions occur
at the surfaces of the source and substrate sanmples where
the equilibrium in the CSVT is found. To calculate the new
temperature differences bétween samples {source and
substrate), a thermal equivalent circuit is considered for
the CSVT s*stem. Figure. 7 shows theﬁequivalent therpal
‘circuit (1). ' -

Before calculating the new temperatures, four -factors
must beﬂcéhsidered. These factors are:

(i) the convection forces due to the flux of wvet
hydrogen-in the reaktor; (ii) the natural convectioh of the
’gases in the micro reaction chamber, where the.hottesﬁ gas ’
near the source is rising up to the substrate and the
cdldest gas near the substrate is descending towards the
s 3rce,{(111) the existing ‘radiation between the two
gr%phite blocks heating the source and the substrate (GaAs
is transparent to IR radiation up to about 1.5 eV); amd (iv)
the related conduction to the graphite under the source; the
GaAs source, the numerous spacers, hydrogen in the micro

reaction chamber, the GaAs subsf}ate, and the grabhite

blocks heating the substrate.

.



N

™ \ -
‘ ~
~
~ L~
=~ -
-—
[
L4
ae
° -
P —
’ *
]
* s
el
o

L

Fig. 7. Thermal equivalent circuit
qraph1tc--anco-jrtcgr-substrate-graphitc
epitaxy of GaaAs. ’ ‘

bl

<&
. "
. LN
. o
¢
- <
“
- ‘ )
. 1
Y ) ' .
v . *
5¢ v &
e L] m———
’x
\

for the syst‘h'
used in the CSVT



oo~ Rl = bottom graphite sheet. (3x5x0.15 cm

-19-

It has been shown thit the first and second factors

- could 2? dis;egarded in the CSVT reaction (1). ' Therefore,

-only the third and fourth factors are considered to obtain
the corrected temperaturgsL

The thermal circuit shown in fiéure 7 is'the equivalent
to the system graphite-sggrce;cpacer-substrate-gfaphi;e.

The thermal resistances are defiﬂbd as follows:

3. where 0.15

cm is the graphite thickness between the thermocouple and
the top of tﬁe block)

k2 = GaAs source (lxlxo 06 cm3)

R3 = gpacer (fused silica, graphite, etc) '

R4 = conduction by H2 in the micro- reactlon chamber

R5 = GaAs substrate (1x1x0.06 cm ) _

36 = top graphite sheet (3x5x0.15 cm3)

R7 = radihcion between the two graphite blocks

R8 = conduction by H2 between the two graphite blocks.

ﬁcind'tpe information given in Table I, ‘the real
temperature—differeﬂcc can be calculated.

Q= o(Ty* = 1,%) (1/¢+1/¢, = 1)  (Wem™?)

represents the /quantity of heat exchanged by radiatioé
.between two parallel plates. o is the Boltzman constant
(5.67x10-12 WK Ycm™2?) and ¢ is the emlssivity of the
graphite plates. The heat quantity exchanged by conduction
perpendicular to the graphite block surfacés, is given by:
' o= MAT/Ax (Wem™2) - :

where Ais the thermal conductivity coefficient (w/cmx) and
~

o



A is the sample area.
Thus, from the above expressions the thermal resisgénceq
can be calculated as
R = AT/Q = Ax/)A (kW lcm?) (1)..

,

TABLE I Hgterials conductivity coefficient and

emissivity.
Material ~ A(Wem k7Y ¢
) ]
Graphite 0.6 (1) 0.81 (9)
H, b 4.28x1073 (10) '
GCaAs v v 0.15 (1) .
Fused Silica '2.87%1072 (8)

-

All the above are for T ‘= 998 ¢t 25 K.
- N

Q

The eight thermal resistances can now be calculated for

T = 998 & 25K. .

L]

"Rl = Ax/)A = 3x5%0.15/0.6(3x5) =/0.167 (kW ‘em?)

R2 = 1x1x0.06/0.15x1 = 0.4

R3 = 1.2x0.03/2.87x20 %x1.2 = 1.05

R4 = 2x%0.325x%0.03/4.23x10  3x2xx0.325 = 7.009

ﬁé}! P

RS = R2 = 0.4
\
R6 = R1 = 0.167
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R7 = AT/Q = 50/1.66 = 30.12
RS = 3x5x(0.06x2 + 0.03)/4.28x10 x3x5 = 35.05
R34 = 0.913, R78 = 16.2,  R2345 = 1.713, R2 to R8 =
1.635, finall& R equivalent = 1.967 (kw'lcmz).
To%%éterminé AT, aqd AT, corrected, th?
cérreqponding temperatures to each grouping of thermal

resistances must be obtained. Therefofe,lknowing AT is 50 K

Cy
the following branchufemperatures can be calculated; - e
$0.x Rl/(R equivalent) = 4.245
50 x R2 to R8/(R eqﬁivalent) = 41.51
50 x Fé?(R equivalent) = 4,245
Knowing the temperature of waﬁzed branches'(41.51 K),
the‘corrected temperatures can be obtained;’ i
41.51 x R2/(R2345) = 9.693 ~
41.51 x R34/(R2345) = 32.12
41.51 x R5/(R2345) = 9.693
" Therefore, AT, corrected is 9.693 - 32.12 = -12.43 K and
ATz'correcied is 32.12 - 9.693 = 12.43 K. From the
. results, it is -simple to‘sée that T4, = T, - 12.42 K and .
vTZC - T, +r12.43 K. The AT corrected is of 50 - 12.43x2 j

= 25.14 K. The above calculation was done for a 0.3 .mm
fused silica spaceri The samé procedure can be used to
calculate éhe‘corrected temperatures for the other spacers. -
In figure 8, (growtp rate vs 1/T) (1) it is to be noted
that the slope of the étraight line is not associated with
the activation energy Eorresppnding to the surface reaction .

rate control.

. ' \
f
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From the model discussed in this investigation, the
exponential dependence o{_?he growth rate upon 1/T refleetS‘
the equilibrium constant displacement, equations /3/ and
/4/., of the reaction described in equation /1/ as a function
of temperature. Since the reversible reaction éiven in
equation /1/ is always'at equilibrium at the source and

substrate surfaces, the classical reaction kinetics do not

control the growth rate of the CSVT system. Therefore, the ‘

only two controlling factors of the deposition rate and film
thickness uniformity for the epitaxial GaAs layers are the

two temperatures (3).

s es

The characteristics of the epitaxial layers (Hall
‘ coefficient, mobility and resistivify) were measured at room
~and 1liquid nitrogen temperatures. The Van der Pauw
technique was used to pe;fbrm the measurementsl The
technique was employed according to the ASTM specificatigns
(27). The ohmic contacts were obtained by using indium
alloyed at 500 degrees celsius in. a hydrogen atmosphere
(28). . The Hall mobilities measured at room temperature were
between 151 to 3313 cmzv‘"]'s-1 for the various spacers
and graphite blocks used. In the case of the free electron
concentrations measurements of 3.90x1016 to 1.15x1019
cm™> were obtained. |

Table II sﬁows the difference in the measured results

corresponding to the different conditions, the used spacers

- B

oo

&



‘ -24-

‘ »
and graphite blocks, -for the depositions.  The first

epitaxial iayers were grown-using a fused silica spacer
(8102) and graphite blocks of qemicohductor grade. The
blocks were 3x5x1 cm3. The. fused silica spacer was then

replaced by a graphite spacer of semiconductorfgrade. The

- spacer was 0.8 mm in thickness. This spacer was later

reduced to 0.3 mm. The boron nitride spacers were then used
replacing the graphiteqspacer. The .boron nitride spacers
had thickness' of 0.3 mm and 0.7 mm. When the boron nitride
spachs were replaced by A high density graphite spacér of
0.3 mm, the blocks were also replaceo by high density

graphitecblocks. The final change was made when the high

_density graphite spacer was replaced by a 0.3 mm fused
silica spgcer. The combination of the high density’ graphite
blocks, and the fused silica spacer gave the best results.

' This combination gave the lowest free charge carrier

concentration and the highest mobility.

The semiconductor grade graphite being more porous than
the high density graphite was prone to more outside
contamination. The absorption rate was greater. When the
high density graphite was used, the_freeicarrier
concentration dropped by a factor of ééﬂ;: Thio clearly
shows that the graphite used (blocks anofspacers) can alter
the results. The fused silica spacer being“evenlless porous.

than the 'high densisy graphite spacer reduced the

concentration by a factor of two. The goal of this

‘ investigation was to reduce the free. carrier concentration

!
]
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to a minimum (1x1€)14 to 1x1033 cm'3) and increase the j

o

> mobility to a maximum (5000 to 8000 cm?v™is" 1),

. . ~ N\
. Hence, obtain a SI GaAs epitaxial layer.”
T J TABLE II Expérimental Results Under Different
‘Conditions'_

o

1) Semiconductor Graphite Blocks\(3x5x1 cm3)

°

, a) Fused silica (Si0,) sbacer (0.75 mm, 1073 K)
- 3

n(cm ~) - ' p(emévig™1) .
4.3x10%7 to 1.0sx10%8 3012 to 2436 '
“ b) Semidonductqf Graphité Spacers @’ )
(0.8 mm, 1013 K to 1033 K)
n(cm™3) . ‘ #(szv-ls_l)q
. 7.24%107 to 1.15&1019\‘ ' 2105 t¥ 151

(0.3 mm, 1073 K) ‘
. 5.46x10Y7 to 1.8ax101® 206 to 1205
c) Boron nitride Spacer (0.7 mm, 1073 K)

" (0.7 mm, 1073 K)

n(cm 3) p(cmzvils"l) - 3
'  4.89x10'® ' 524
' (0.3 mm, - 1023 K)
3.39%1017 to 1.91x101® 1982 to 1180

2) High Density Graphite Blocks (3x5x1 cm3)

a) High Dénéty \Graphite ‘Spacer (0.3 mm, 1023 K)

17 3125 to 1873

n(cm

b

7.66x10¢ to 1.61x10

)
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b) Fused silica (sio,) spacér (0.3 mm, 1023 K)

2,.,~1

n(cm"3) u(em?v™ g7l
16

3.9x101° to 4.64x10 . 3313 to 1948

Bl

Figure 9 fllustrates the ﬁobility variation versus the
charge concentration fb£ the 0.75 mm fused silica spacer
usiﬁg the semicénductor graphite.blocks.' ?he deposition
temperature was 1073 K and the hydrogen flow rate was 500
cc/min. The obtained(éesult is wvhat is expected. Only one
measurement was not in the normal bound.‘As‘stated earlier,
the most common error in the CSVT method, which can occur, .
is the placément of the samples on the graphite blocks.
This misplacement caused a decrease_in temperature. This
decrease in temperature introduced an increaséuto the

mobility due to increased lattice scattering. It is ‘known

' that the formation of lattice defects d:g. dislocations)

increase with decreasipg deposition temperature (17). This
-

can readily belééen in figures 9 and 10. In figure 9,.the

last point has a higher mobility when in fact it should have

a lower mobility. And in figure 10, the second and third

points behave in the same manner also due to lattice

scattering.

~

o } i
Figure.ll fllustrates the change of mobility and charge’

carrier cbncentraﬁion’with temperature change.

——
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It is‘shoqn/Ih this figure, that temperature hasia’

influeﬁpé/over mobility and concentration explainiﬁg the

' misplacement error. The same reasoning can be applied to

figures 12, 13, and 14 ich also shows the mob}lity versus
the charge concentratgggyfqr the various spacers. In general
the results show an increase in mobility with‘a‘decrease in
concentration. From the obtained results, most of the
mobilities should have been a little highbr. The highest

mobility measured was of 3313 cn?v™ts™! for a ‘carrier

O16 -3

concentration of 3.9x1 cnm . For such a

concentfathgg, a mopility of aﬁproximgtely 5500
cm~2v™1g"1 ghould have been obtained (11) .
ﬁisaiignment on the graphite blocks is one error. Two other
errors can also cause a chanée in results. AOne of these
errors is predeposition, and the other is contact alignment.

| Pfeaeposition time for this system was of 12 to 15
minutes. Twelve minutes were required to obtain a source
temperaturg ofl;oza K and approxfmately 15 minutes were
required to obtaih a souré; temperature of 1073 K.  During
this intervaln as the tempgrature was inc;easing,oa
predeposited layer was growing on the substrate. GaAs can
be traq:gg;ted by o, at temperatureé asvlow as 873 K.
ince the sgbstréte block (upper graphite block) was below
he‘normal growth temperafhre, a low surface hébilify

itaxial Jdayer resulted. Hence, anything grown on this
ﬁg:er duriﬁg deposition, will have fhe same structural

ddfects, and thus a lowver mobility (6). . 5

ot e e

w—n
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It is therefore of great importance-to reduce predeposition
time to a minimum. . . 4 '
The “other cause of error which could have alié%tly
altcred the results, is the misalignmant of the contacts.
When the characterization of the sample is to be done, t?e
four contacts must be placed on the edges of the deposited
layer at 90 degrees from each other. Any misplacement,
either along the circumference of the deposited layer or
awag'froh the g&ge, will cause a percentage error thus
affecting the measurea results. As an example, if the
measured mobility is 3313.51 cn?v™ 18”1, and a

circumference error of 1.0 mm is made on all four .contacts.

—

The 'error percentage would be calculated as- follows: (5)
A“H/”H ~‘2d/l’ D= -2(1.0 mm)/x (6.5 mm)
= -0.031 X 4 contacts
. = -0.124,
where 4 is the misplacement error and D is the diameter of
the deposited layer. Multiplying the mobility by the above
result, an answer of -410.87 cm?v™1g™1 is obtained.
Therefore, the corrected mobility is of 3313.51 + 410.87 =
3724.38 cm?v™ 18”1, This misplacement of 1.0mm
introduced an error of 12.4%. A similar expression can be
used'(ApH/pH = -4d/:2D) to calculate the error when
the misplacement is made with respect to the edge. If both
cases di;cussed above exist, then the errors are added to

obtain the total error from both misplacements (5). Once

all the percentages are added (graphite, and contact

Q
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1

misplacements), errors as high as 30% can be obtained.

Hence, precision work is essential to lower error

percentages.

4. THE EL2 COMPLEX

The EL2 antisite formation exists in an arsenic rich
grown GaAs. This antisite formation has extensively been
discussed in literature where gallium vacancies are at the
origin of its existence (12,13).

An antisite center is formed by the occupation of a
gallium vacancy by an arsenic atom of the bahs host lattice.
In a tetrahedralucoordination, which is characterist{g of
the sp3 hybridized molecular orbitals forming the octect
.of the semiconductors predominantly covalent bonds, the
gallium vacancy maybe seen as being surrounded by five
electrons bé}onging-to the four neighboring arsenic atoms:
The formation of an antisite complex is achieved ;f a

neutral arsenic atom occupies the gallium vacancy: Since

tﬁe arsenic atom has five valence electrons, a ten electron

arrangement_will result./ After the completion of the octet

for tetrahedral coordination, ¢t excess electrons reémain.

These two electrons are a med to be at the origin of the.
divalent deep lying EL2 donor centers (3). Afsociated to
the deep lying doﬁor level, there is a shallow qonovalcnt
donor level due to the arsenkc vacancy (13). - This level has

a conc;giration equal to that of ithe antisite. Hence, the

2
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ELi complex consists_of a deep lying divalent and a shallow
lying monovalent donor level. The basis of this model is
associdted with the ratio of the measurements of the free
electron éonéhntgation at room fémﬁerature and at liquid
nitrogen temperature, n300/?77 (13). The existence of
the shallow donof level introduces modifications on the
conditions required to ach%eve a high resistivity “undoped‘
GaAs. beep_level compensation is needed t tain high
resistivity semi-insulating material (14,15).

In an n?type material of GaAs,’a deep acceptor level is
required for compensation. Since the EL2 complex contaigs

shallow donors, a aeep compensating acceptor level is needed

to obtain SI GaAs out of n-type GaAs (3). .

=
[}

4.1 Analysis of the EL2 Complex

| The multilevel model based on the Shockley curves was
adapted to the antisite-arsenic vacancy complex model. Fr

this model, the determination of the degree of electron
occupaﬁhy.pfugll the impurity énergy levels is obtained.
The Ferpi levéi is positioned by the neutrality condition
giving the free electron and hole concentrations (7). This
model has been succesffully applie& to analyze the
occurrence of chromium doped semi-insulating G;As (f4k§ The

maximum Ga vacancy concentration of 4x1018 cm'-3 (-Nl)

»

is due to a phase extent of 0.001 % in Gaas (7). ’
O‘The Shockley curves are obtained by calculating the
concentrations of all the ionized impurities, donors and

e

r
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aqceptors, and the free electron and hole concentrations,as

a function of energy. The classicdl expressions describing

these cﬁarge dependencies are required for the numerical’

o

calculations (7).

. '

Silicon is used as a general shallow donor of.variable
concentration (Ng5) - Silicon doping (voluntary or
involuntary) is a frequent occurrence inﬁthe'growth of GaAs
crystals and these silicon atoms are suspected o% forming
substitutional impurity preferentially occupyi%g galldum

vacancies. The gallium vacancy concentration available for

the anti'site formation is Ni - Ndz‘ Then the EL2

complex concentration can be given by N4, = £ x (N, -

Ndz); where f is the fractkon of unfilled gallium

‘'vacancies occupied by arsenic atoms. Therefore, Ny, =

As.,- As stated before, the deep divalenf donor

(antisite) and the shallow monovalent donor( arsenic

‘vacancy) forming the EL2 complex, are present in equal

concentrations, Nai- The gallium vacancies can now be
determined by Nop = Ny - ‘Ndz + Ng3) = Vga-

The Fermi lgvei‘can be dete;min;a from the neutraliﬁy
condition: ~ = - ) '

n + E(i=1 to'l) Ny~ = p + E(3=1 to m) Ndjf /9/ .
where n is the density of electrohs in the qonduqiion_band,
p is the density of holes in the valency b:;d, “d+ is

the density of the holes bound to donor centers, and “a-

-~

is the dehsityaof\elebtrons bound to acceptof centers. From

' the Maxwellian statistics, the following éxpreséions are

- L

Ny
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used to calculate tha’hole concentration p, the electron

concont:ation n, the ionized donor concentrations Ndj*’

and the ionized acceptor concentration N i-:

p = 2(2my xT/h?)3/2 exp(~Eg/kT) /10/

*

‘Wwhere m = 0.58 m is the density of staté effective'f

o
mass of the holes, k is the Boltzmann constant, T is the
.nbsolute temperature, h 1; Planck'g constant, and Ef is
the Fermi energy.
Ndj+ = Ngj(1+g exp(Edj+Ef-Eg/kT) .
where g is the degeneracy factor. This factor is 2 for
'ahallow‘donors and for the deep lying donors and acceptors.-
Naj is the appropriate donor concentrction, descnibed.
‘above, corresponding to silicon, EL2 andvarsenic v;cancy
densities. Edj'is their reSpective‘activation'encrgies‘
(3). Eg is GaAs's band qap given by: . |
Eg(T) = 1.522 -(5.8x1071%/T+300) (14).

n = 2 (2mkT/h%)3/2 exp(-Eg=E¢/KT) ~

t

~

where the densitx of state effective mass of the electrons
'me - 00069 moo " {
Finally, N,;~ = N,,(1+g exp(E,;~Ez/kT)}
. . . -y P
vhere N, ; is the deéep lying compensating gallium vacancy
. concentration ( N,y = V., with its activation eher}?
E,). . ‘
From the above expressions, the Fermi energy can be

determined by calculating the charge concentrations with

-

E, as the running variable. The Fermi's level position is

then given by the value of E;, for which the neutrality

<



-39-

equation, equation /9/, is satisfied. The cohcentrations of
the free electrons, free holes, and ionize purities can
be calculated -to characterize the overall transpor@
properties of the material ot this energy (3).
An EL2 concentration was assumed to be 2x10%6 cm™3
to vcrify the existence of the EL2 complex, wi;h'the
" inclusion of the shallow donors associated to the
antisites. No compensating gallium vavancies are considered
(13) . By adjusting the silicon concentration, the free
electron concentration was varied. The mulitilevel ;nalysis
was then used to calculate the theoretical ratio of the free
electron concentration at room and liquid n%trogen
temperatures as a function of the room.temperature
concentration. 'Frpm this plot, the indication of the
existence of EL2 complex in an arsenic rich GaaAs can be
conf%rmed. As the concentration ratio nsoo/n7§
‘increases, a decrease of n at lower temperatures is
confirmed. This freezout only occurs in sanples which -
exhibit the EL2 complexes. An EL2-free sample would have
its ratio of naoo/n77 xemain very Close to 1.00. It is
;the above result, n300/n77, which strengthens the theory
of the one—to-one‘COrrespondencc between the shallow donors
and the EL2 level. Figure 15 supports;fhe theory of{the
one—to-one correspondence by comparing DLTS EL2 measurements
" to Nyg0~Nyq freezout calculations (13). Table III shows
the experimental results of the concentration measured at 77‘

sK and 300, K. Figure 16 illustrates the ratio of the:charge

3
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carfiar concentrations n3°°/n77 versus the room
.- H .

temperatue concentrations.

TABLE III Results obtained at'77 K and 300 K.

/

nypo (€m ) n,, (em™) Nygo/M77

7.95x%10%6 s.32x20%% . 1084

9.11x1016 - 5.04x1016 1.81

7.66x10, ¢ 4.36x1016 1.76 )

4.30x}017’ 3.67x1017 1.17

4.79x1018 4.80x1018 1.00 q
\ .

~

2

As the donor doping increases, £;;\n3oo/n77 ratio
decreases as shown in the above fféure. Four of the samples
were deposited.wi£h the high density graphite bloéks and
spaéer while fhe other two were deposited with boron and
fused si}ica sﬁ&ce;s using the semiconductor grade blocks.
The four lowest concentrations obtained from the above
measurements occurred with the high density graphite. The
highest concentration was obtained from the boron nitride

spacer deposition.
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It can b¢ﬁ§een from figure 16, that as the concentration

gets very high; examﬁie the deposition with boron nitride

spacer, the”ffeezouf‘at lower temperatures bcpéhcs
annihilated. Thus,; these results agree with the above
discuséion, and the same shallow donor levels, in the order

of 1x103° cm'3, can be associated with the presence of

EL2 for the CSVT GaAs systen. :

Figures,17, 18, and 19 were pbfained from the

multilevel model. The total initial gallium vacancy

. concentration was taken to be Nla,“3x1017 cm” 3 (from

the phase extent) and £ = 0.15 (the fraction of arsenic
which occupiéd g&lliﬁm vacancies to form the antisite
complexes). From the multilevel model, the gallium vacahcy
doping in the arsenic rich GaAs can be examined.

If the silicon concentration is taken to,be;

Ngo = 2x1017 cm™3, the unfilled gallium vacancy is

)

Ngy = £ X (N, —<ﬁ;;), N -
Therefore, _
/

Ngs = 0.15(3x1017 - 2x10'7) % o0.15(1x10'7) =

1.5x101% cm™3. Knowing Ng5+ N,y can be calculated.
N 17

a1 = 3x1017-(2x1017 + 1.5%102%) = g.s5x1016

cm_,. . h : : ‘

Since N,; < Ny, the material is’obviously n-type
with agFermi energy of 1.39 eV and a ffae el’ctron density
of 7.8x101% em™3. This is shown is tigure 17.

)
o

(
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As the sil%con concentratign is lgwered, the Fermi energy
begins to decrease. The si}icoﬁ concentration can be
lowered by’using a highly 'silicon doped (1x1018 cm™3)
semi-conducting Gaas source for the deposition. The silicon
feaéﬁs with the oxygen of the water vapor forming sio. ~ At
deposition tempfratures, Si0o formations leaves the CSVT
systém. Thus,ﬂ?ecreasing the shallow donor concentration in
the epitaxial layé}. This réduction in concentration
decreases the Fermi level towards the semi-insulating range.

9

So if the silicon concentration is decreased to 1.23x1017

em™3 with all other values kept constant, the unfilled

1

gallium vacancy increases to 1.5x10t7 em”3 Hegce;
since the unfilled gallium vacancy concentration is greater
than the sum of all other donor concen;;ations, the material
becomes semi-insulating. The Fermi energy is located at

0.77 eV corresponding to a free electron concentration of
6 -3

3x10" cm “, and a free hole concentration of 1.1x106
cn™3. Figure 18 illustrates this case. The final case is
shown in figure 19. 1In this case the‘pilicon‘

concentration is lowered to 2x102% cm™2 to oktain,a
p-type material with a Permi energy of 0.28.eV and a free
hole concentration of 2x10%% cm™3. 1In all figures, the

ionized impurity concentrations are depicted as si?t

2+ +

shallow donor, As. . deep EL2 donor, Vas shal low
donor arsenic vacancy, and VGA'.deep acceptor galliunm

vacancy (6). '

YA
g
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5. THE HIGH CARRIER CONCENTRATJON IMPURITY

Besides the EL2 complex, another factor exists during
the deposition reaction, which would explain the high

18 (and higher) cm~>. These donors

concentration of 1x10
are introduced through the graphite blocks. The shallow

donors associated with GaAs are silicon, germanium, tin,

selenjum, sulfur, and tellurium. To exactly ‘identify the’
donor is difficult. Silicon has been suggested as the major .

shallow dopant during the reaction (16). But what is

::certain, is the fact that when a low grade graphite is used
- the contamination is much higher. From table II, it is
shown that the worst case occurred with the semiconductor

grade graphite blocks and spacer. Because of its high

porous character, the highest concentration level obtained

19 -3

was 1.15x10 cm “. When a high density graphite block

and spacer was used, the concentration lowered by a factor
17 -3

of ten. The worst case being 1.61x10 cm . . Also from.

table II, it is easily observed that the only time a
concentration higher Fh;n 1x1018 cmf'3 is cbteined is
when the semiconductor grade graphite blocks are in use.
The greatest factor difference found between the
semiconductor (using a graphite spacer) and the high density
graphite blocks (using a fused silica spacer) was of*zo, In
both cases, the factor difference between the fused silica

.and graphite spacers was of 1. 68, for the semiconductor

i
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graphite. The doping impurities can be reduced‘by using
very high density graphite blocks.

4

6. GaAs SOLAR CELLS

Semi-conducting QSC) and semi-insulating GaAs,haVo both
beenfsuccessfully deposited on germanium (Ge). ‘ The use‘ot
germanium as a substrate for GaAs solar cells has many
»advantages. The germanium substrate is- 20 to 50% lower in
cost and has a thermal conductivity o{ éo% higher than"GaAs
substratésr The Ge/GaAs heteroepitaxial structure is made
possible.since both have'\very similar lattice constants.
“Sqlar cell fabrication using‘GaAsoand Ge can be'implemented
by using the closed spaced vapor transport (CSVT) system.

The orientation of tbe Ge substrates can be in the
<100> or <111> direction. These crystals would be grown
‘using the Czochralski crystal grower. The -€SVT system would

be used to deposit four layers to form the solar cell.

First, a p* Ge substrate with an acceptor concentration of -

8x1018 cm-3 would be used as the substrate of the solar

cell; The high concentration of the Ge substrate would be
necessary so: that during the deposition the arsenic (As)‘
concentration would be less than that of the germanjium. The

second layer .of the solar cell would be a GaAs p* buffer

- layer. This layer would be highly doped with zinc (zZn) and .

its main function would congist of over doping any Ge

diffusing into the GaAsbduriﬁg the epitaxial growth. The

fl -
t

-

3
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{

-3., 1 o )
018 cn™3 in the buffer layer

17 ¢n~3 in the active

hole concentration of 5x1
would have to be decreased to 1x10
‘layer sc- that a back-surface field is obtained providipé an
increase in the collection efficiency. - Tge final layer of

+

the solar.cell would be a GaAs n’ with a concentration of

i 5x1018 cn™3. Figure 20 illistrates the solar cell. The
antireflection coating (AR) would have a.thickness of 2/4
where ) (600nm) is the wavelength of'the sun's radiation at
its maximum intens;ty. Thus from the above éalcglation, the
required thickness for an,optimum AR coating would be 150nm.

\Tho gold (Au) and tin (Sn) contacts would becelectroplated.
The advantage of the Sn over the Au‘contacts on the n?t
#Qahs layer is that with the Sn contacts, an dptimization of
the nt la}er can be achieved. The anodic oxide formed on
the nt layer can be stripped away by using a diluted HCl
solution. This solution would not affect the Sn contacts.

Therefore, the nt layer thickriess can be adjusted for

maximum power conversion efficiency, and then the oxide

. layer can be reanodized. - - -
The typical characteristics of such a device would be

- as_follows:

v

\F.ill Factor. ® 0 8 6 ¢ 0 00 e 9 *Booe 00082
= ’ Rt ~ , ,
, - Open Circuit .Voltage.........0.97 V g

m’lr‘ Eftici?ncy......‘.:.l....l? to 20‘ (4). N
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Y

Fig. 20. Schematic representation of n+'/p/p+_ GaAs/Ge
solar cell. : o : AR
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7. CONCLUSION "
£,;taxia1 thin tilm gallium arsenide layers have been
deposited dsing the CSVT systemi: The analysis showed that
temperature was the only thermodynamical influence of the

reaction. Carrier concentrations as low as 3.9x1016

cm”? and mobilities as high as 3313 em™2v™1s"1 yere
measured. The'equivalent thermal resistance circuit
calculationh showed that a surf;ce temperature of
hpproxima;giy 25 K gxisted when uging  a fgsed‘silica'spacer

of 0.3 mm in thickness. . The existence of "undoped"

-—

semi-insulating gallium arsenide was attributed to the EL2

complex which was analysed by the usé'of the multiléVel
energy modél. The high concentrations in the de}osited
layers were directly relateq to the grade of the grgphite
which acts as an incubator for different impur;ties. A
schematié design of a GaAs/Ge solar cell was introduced.
The power conversion efficiency of this solar cell woulq_be

17 to 20 §&.
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