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The incorporauion and amphotenc behavior of the Group IV impunties. 5. Ge. and C. have been investigated in molecuiar heam
epitaxial iMBEY and AsCl. vapor phase epitaual (VPEY GaAs samples grown on (1001, (211) and (311; substrates, Spectroscopic
analvsis using photothermal 1omization spectroscopy and photoluminescenve combined with vanable temperature Hall effect
measurements indicate that the amphotenc behavior of the Group IV impunties 15 kinetically influenced by different surface rzaction
provesses assoviated with the substrate onentation. A description of the kinetic growth process has been deveioped which considers
the bonding structure of the growth surface and the related surface reaction mechanisms of Grouop {11, IV, and V sources in MBE and
VPE growth. Wih these kineucally limited growth processes the experimentally observed impunisy incorporation resules van be
explained based on the different reaction behavior associaled with the surface bonding of the different adsorbed chemuical species on

the dvnamic growth front.

1. introduction

Among the Group IV elements. Si and Ge are
the onlv trulv amphoteric shallow impurities in
(GaAs. It has been shown that St incorporates
primarilv as a donor in VPE. MOCVD. and MBE
lavers grown on (100) oriented substrates, and
primarily as an accepter in LPE (100) lavers [1).
Ge incorporates only as an accepior in LPE (100)
lavers for ordinary growth temperatures [2] but is
incorporated primarily as a dener in VPE and
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MOCVD lavers grown on (100) substrates [1}. Ge
doped MBE (100) layers can be either n- or p-ivpe
depending on the V/IIl ratio and the subsirate
temmperature [3.4]. In contrast with early specula-
tion [5). C has never been observed as a donor in
photothermal ionization spectroscopy {6} or in lo-
cal mode infrared absorption measuremen's {7).
but it is commonly observed to be the domnant
residual acceptor for all growth techniques except
AsCL,-VPE. Although Sn is an amphoteric impur-
itv and a commonly used n-tvpe dopant in LPE
and VPE. Sn creates only a deep acceptor level {8].
Pb is the least studied Group iV element 1n GaAs,
but there 1s no conclusive evidence that Pb is
incorporated as a substitutional impunty in GaAs
[9-11].

(022-0248 /89 #503.50 T Elsevier Science Publishers B.V.

(™orth-Holland Physics Publishing Division)



28 B Lecetal f Ortentation dependent amphoten: Beisarior «f Group I tmpurines

Epitaxial growth on subsirales with polar
surface erientations. (A11)A and (A11HB. where
A=1. 2 3 ... n has been investigated in order to
understand the growth mechanisms {12} and the
incorperation and amphoteric behavior of individ-
ual impunty species [13] Effects of these different
orientations on impurtiy behavior have been ob-
served in LPE {14]. VPE [153.16]. MOCVD [17).
and MBE GaAs layers [18]. Both the (211) and the
{311) orientations which Sangster [19] suggested 1o
be ideal for [11-V epitaxy. have produced particu-
larlv interestung results for GaAs epitax;al growth.
The amphoteric behavior of Si and residual C
mpurities in lightly Si doped MBE GaAs lavers
grown simultaneously on (1003 (311)A. and (31138
ariented substrates has been previoush studied
[26]. From spectroscopic and Hall effect analvses
of those samples, it was found that for un n-type
{100+ layer the Si amphoteric ratio. defined as the
ratio of the concentration of Si acceptors 10 the
concentration of Si donors. {Si, ]/[Si;,]. was 0.08.
A {311B laver grown simultaneously was also
n-type. but the Si amphoteric ratio was 0.01. and
1t was esuimated that the total Si impuritv con-
centration ([S1] = [Si; ] + [Si,.]) was reduced from
that of the (100} laver by 20%. In addition. the C
acceptor concentration. [C,, ). 1n this same (311)B
laver. was also reduced by approximatehv 20%
compared to the {C, ] in the (100) grown laver. A
sample grown on a (311)A oriented substrate was
relatively uncompensated p-tvpe due 10 Si incor-
poration primarily as an acceptor. with the Si
amphoteric ratio greater than 4. However. in con-
trast 10 the behavior of §i in this (311)A grown
laver where [Si, ] was increased. the [C, ] was
further reduced so that [C ] was only about 7% «f
that in the (100) laver. These results show that the
incorporation behavior of Group I'V impurities is
not ondy strongly influenced by the growth orien-
tation but is also dependent on the individual
Impurity species.

In the following two sections we present ad-
ditional experimenital results on residual impuntv
incorporation in undaped n-tvpe MBE and AsCl,-
VPE epitaxial GaAs and summarize the amphot-
eric behavior of the Group IV impurities. In sec-
tien 4 we describe the kinetic model of the orien-
taton dependence of impurity incoarporation in

(GaAs that 1s consistent with all of the experimen-
Lal results,

2. Experimental

Even though undoped MBE GaAs lavers grown
on (100} onented substrates are normally p-type
because the residual [C, ] is greater than Ap.
recent results on undoped lavers grown on (3111B
oriented substrates have shown these lavers to he
high purity n-type due to the suppression ¢! the C
incorporation on the (311)B polar substrates as
described above. In this section we present new
experimz:ntal results on an undoped n-tvpe MBE
GuaAs luver. sample 828(3111B. which was grown
on a (3111B oriented substrate using a solid As
source. This sample was very high purity n-tvpe.
while samples grown on (100) oricnted substrates
under the same growth conditions are alwavs p-
tvpe with hole concentrations in the 10™-10"
cm ™’ range. The growth temperature was about
590°C. and the growth rates for both samples
grown an (11)B and (100) oriented substrates
were equal at 1.3 um.h. which is consistent with
observations that MBE growth rates depend onlv
on the Ga beam flux. The equivalent beam partial
pressure ratic of As,/Ga was 15-20G in the As
stabilized condition. The samples were grown on
Cr doped semi-insulating substrates. The sub-
strates were etched with 7 :1 ;1
{H-80,: H.0.:H.0O\ und rinsed with deionized
water before loading into the growth chamber.
The as-grown surfaces ior both samples were
smooth.

Sample 133B which was grown on a (211HA
oriented  semi-insulating  substrate  using the
Ga-AsCl;—H. growth technigue was also studied.
Since it has been known that undoped n-type
AsCl-VPE lavers grown on (2113A and (311)A
orientations are higher purity and less com-
pensated than those grown on the (100} crienta-
uon [15] it is interesting to compare the dif-
fersnces in the impurity incorporation behavior
between VPE and MBE GaAs growth on (2113A
surfaces. The detailed growth conditions for this
undoped AsCl,-VPE sample are described
elsewhere [21). The surface morphology of sample
133B was mirror-like.
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3. Results A

The n-tvpe MBE and VPE GaAs samples 1n
table 1 were charactenized using varnable tempera-
. ture Hall effect measurements. photothermal ioni-
zation spectroscopy (PTISy and photolumines-
cence (PL) techniques. which have been described
elsewhere [9]. Table 1 shows the carrier concentra-
tion and Hall mobility at 77 K. and the total
denor and acceptor concentrations, Ny and N
determined from variable temperature (4.2-300
Ky Hall effect measurements. The Hall effect re-
sults in table 1 indicate that the AsCl.-VPE (chlo-
ride} sample 15 relatvely uncompensated o m-
pared o most GaAs materials with N, /N, =009,
and that the MBE sample grown on the (311}B
oriented substrate (sample 828(211)B) with Ny =
N, =8x 10" cm™ is one of the highest purity
MBE GaAs samples that has heen grown thus far.

Fig. 1 shows the phatothermal jonization spec-
tra of 1s-2p {m = — 1) transitons for both n-type
samples tn table 1. The dominant residual donor
species in the AsCl-VPE sample is Si, with smaller
concentrations of S, Ge. and either Se or Sn which
cannot be distinguished spectroscopically because
of their nearlyv identical central call shifts. Because
of absorption saturation effects {22]. the S peak
for sumple 133B 13 anomalously broad compured
with the S and Ge peaks. indicating that the
relatve donor concentrations for this sample are
no longer proportional to the relative ampiitudes
of the peaks due to different donor impurity
species. In thix case. the relauve concentrations
are more closelv related to the refative FWHMs of
the individual donor peaks. Analvsis of these data,
vonsidering the FWHMs of the donor peaks. sug-
gests that Si accounts for at least 80% of Ny in
sample 133B. From the spectrum for sample
828(311)B, the dominant residual donor species s
S. with trace levels of Si. either Se or Sn. and Ge.
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Fig. 1. Phonothermal iomzaoon specira of 1s2p tm= -1

transitions for two undoped n-tvpe Gads samples grown on L
{3 1)B Gaas subsirate by MBE techmigue and a (2111A sub-
strate by VPE technigue.

Since the FWHMs for all the doner peaks in this
spectrum are nearly equal. the relative concentra-
tions of the donor species can be accuralely de-
termined from the relative amplitudes of the cor-
responding donor peaks.

Fig. 2 shows the PL spectra of conduction
band-to-acceptor and donor-to-acceptor transi-
tions taken at 1.7 K with low excitauon intensity
using an Ar- laser for the same 1wo sampies.
From the relauve pesk imensity of the neutral
donor-to-acceptor peaks (D°-A%). the dominani
residual accepror species in the (2113A AsCl-VPE
sample 1s Zn. with relavvelv low concentrations of

Tahle }
Growth orentations and Hall effect measuremenis
Sampie Onentation TR A N N
tem oV es) (10%em ™Y (10 em™ My (0 em ™Y
MBE S2%311)B {(3l11HB 180,000 0.3 02
VPE 133B (211A 168.000 1.13 1.92 .17
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Fig. 2. PL spectra of (DY - A"} and (e- A”) uransitions. recorded
at 1.7 K and low excitation level for two undoped n-1yvpe GaAs
samples.

C and St acceptors. Zn is commonly found to be
the dominant acceptor species mn chloride samples
grown on (100) substrates, but the Zn acceptor
concentraiion is substantially lower in this sample,
presumably due to a long bakeout of the Ga
source [21]. The domunant residual acceptor species
in the MBE sample 828(311)B i1s C, with a con-
centration of 2.0 X 10" cim ™, The extremely low
C concentration in this laver is attributed to the
orientation dependent incorporation effect de-
scribed above (20}

From the relative concentrations of individual
donor and acceptor impurnty species determined
from the relative amplitudes of the corresponding
peaks in PTIS and PL spectra. and N and N,
determined from the varable temperature Hall
effect measurements. the ahsolute concentration
of individual donor and acceptor species can be
estimated. The 5i amphoteric ratio in this (211)A
chloride sample 15 about 0.01, which is much
smaller than the § amphoteric ratio of 4.1 in
chioride samples grown on (100) substrates studied
previously [23]. The fact that Si is observed to be

the dominant donor in sample 133B is consistent
with Dilorenzo’s results {15) which show that S Iy
an important residual impurity species. incorpo-
rating primarily as a donor in AsCl.-VPE GaAs
lavers grown on both (211)A and (311)A onented
subsirates. Although Si incorporates primarily as a
donor in both VPE and MBE grown GaAs (100}
layers. the amphoteric behavior of Si is evident)y
different for the (311)A lavers grown by the VPE
and MBE techniques. since §i is incorporated
preferentiaily as a donor in VPE (311}JA grown
lavers. and yet it is preferentially incorporated as
an acceptor in MBE {311)A grown lavers.

In sample 828(311)B. the residual Si i1s obvi-
ously incorporated primarily as a doner since [St ]
15 below the detection linut in the PL spectrum of
fig. 2. The dominant residual donor species in this
MBE sample is S, but the § donor concentration
[(Si.]) 1s lower than that in the other (100} MBE
fayers we have studied previously {20]. Although
increased punty of the solid As source material
could be partly responsible for the reduction of
IS.. ). it is probably that the small § concentration
of 4x10" em™? in sample 828(311)B is partly
due to an orientation dependent $ reduction simi-
lar to that observed for C. resulting in the growth
of this very hugh punty n-tvpe MBE GaAus.

4. Kinetic model of amphoteric impurity incorpora-
tion

The amphoteric incorporation behavier of Si
and Ge on (100) oriented substrates has been
previously studied by the theoretical treaiments of
Teramoto in LPE growth {24]. and extlensive stud-
ies in VPE growth {11.25] and MBE growth [3.26;.

- The theoretical amphoteric behavior under the

different epitaxial growth techniques is based on
equiliboum thermodvnamic treatments. Qualita-
tively, it was speculated that the strong preference
of the amphoteric impurities for the Ga site in
VPE and MBE as compared to LPE was due to
the large value of the As activity in the former
growth environments. which leads to a larger Ga
vacancy concentration in the sohd GaAs and.
hence, enhanced incorporation of impurities on
Ga sites {1]. However, equilibrium thermodynamic
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considerations alone based on this site vacancy
madel discussed above cannot explain the orienta-
tion dependence of the amphoteric behavior of Si
in AsCl.-VPE and MBE growth in general. It 1s
impossible to explain using equilibrium thermody-
namics. for example. the conirast in amphotenc
behavior of Si between AsCl.-VPE and MBE for
growth on the same polar surface, either (211)A or
{211)A. or the fact that Si is preferennally a donor
in both AsCl.-VPE and X {BE (100) grown lavers,
Neither can equilibrium thermodynamics explain
the contrast in behavior C and Si acceplor incor-
poration where [Sig Jaiya = [Silanes but
1CaJouna < [CaJisine- Our spectr. scopic results
strongly suggest that surface kinetic reactions dur-
g epitaxial growth play the dominant role in the
amphoteric behavior of Group 1V impurities rather
than simple site availability.

41 Surfuce bonding geometry

To understand the orientation dependemt
amphoteric behavior of Group 1V impurities. it is
necessary 1o consider the surface bonding geome-
trv of the different orientations. Fig. 3 shows the
surface geometry relationstups between {111)A or
{111)Ga. and (100) surfaces for the zinc biende
cryvstal structure using the two-fold coordinated
configuration [27]. Although this is a simplified.
two-dimensional drawing of the crvstal structure.
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Fig. 3. The surface geometry relationships between {11114 and
{100 surfaces for the zinc blende crvsial struclure umng the
two-fold coordinated configuration.

n
the theoretical surface bond energy s reasonably
close to that of the real three-dimensionol crystal
structure [28]. The surface structure of the (2111A
and {311)A planes are very similar, with compo-
nents of both the (100) and (111)A bonding geom-
etries. The microscopic surface structure of these
{211)A and (311}A planes can be considered to be
composed to periodic steps similar 1o those ob-
served on MBE St surfaces grown on substirates
misoriented a few degrees from (111) [297 As
shown in the figure. the (21DYA close pucked
surface 15 composed of periedic steps with one
(100} step edge atom and two {111)A rerrace atoms,
while the (3113A surface is composed of egual
numbers of (100) step edge and {111}A terrace
atoms. The (311)A surface has a sequence of pairs
consisting of an As surface atom with two dan-
gling bonds. as for the (100} configuration (analo-
gous 10 the zigzag periedic bond chain (PBC) in
the [011] direction [30)). and a Ga surface atom
with one dangling bend. as for the (111DA config-
uration. The (211)B surface has Ga and As atomic
bond configurations identical to those of the
{3111A surface with the Ga and Ax atoms inter-
changed.

The atomic geometry of the covalent bond
structure in a crystal represents a configuration
which minimizes the total energy of the dangling
bonds at the crvstal surface [31]. In addition, due
10 charge neutrality. the polar nature of the zinc
blende structure requires that the polar surface
after termination of epitaxial growth should be
identical to the substrate polar surface. Thus. an
equal number of Ga and As atoms should be
bonded in the grown crvstal for an» polar surface
orientation growth. During the MBE growth of
(311)A lavers in the As stabilized condiion. Ga
atoms can bond independently at the sites along
any {100) step edge with no net change in the
number of unsatisfied bonds [19]. A newly bonded
Ga atom makes two dangling bonds available for
its adjacent As site with one coming from the new
Ga atom. and the other from an existing {111}A
sublattice Ga atom. The subsequent bonding of an
As atom at that site can also take place with no
change in the number of dangling bonds. This
sequential nucleation of Ga and then the honding
of an As atom (i.e.. lateral step growth) can be
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similarly applied to (2113A epitaxial laver growth
as well. The periodic s1ep structure of (211) and
{311y surfaces 15 expected to remain the same as
the laver grows because the atomic arrangement of
the growing surface should alwavs be confizured
te minimize the rumber of dangling bonds.

4.2, Surface reaction mechanism in MBE zrowih

In molecular beany epitaxial growth. both the
Group IH and Group 1V beam sources are nor-
mally atomic species with almost umty sucking
coefficient [32). while the Group V and VI beam
sources. which generally have relatively high vapor
pressures and low sticking coefficients, are mainly
molecular species [33]. In contrast 10 St and Ge. C,
which is a Group IV element. has an exceptionally
low vapor pressure [32] so that in ordinary MBE
growth C containing compounds. such as hvdro-
carbons. are the only effective doping sources for
C acceptors [34]. In early surface studies of MBE
growth mechanisms, it was found that the Ga
adatoms can diffuse on the surface with a rela-
tvelv long lifetime until they are cither captured
bv As atoms and subsequently incorporated in the
crvstal or thev evaporate. It has also been sug-
gested that the incorporation of As from As,
molecules, the dominant beam species when
ordinary €lemental As sources are used, involves
several surface reaction processes. The physicaliv
adsorhed As,, which is weakly bonded to the
surface and thus mobile on the surface. can de-
compose into two As. molecules. either of which
can be incorporated as a pair into two neighboring
As sublattice sites [35.36]. The disshciative reac-
tion rate of the diatomic As- depends on the

available As site configurations [37]. Because of

the relatively high desorption rate of As. the mean
diffusion length of As, and As. admolecules is
relatively small. and thus a statnlized As surface
can only be ohtained under conditions of high
As,/Ga ratios and relatively low substrate tem-
peratures [38.36]. Tt can be assumed that the im-
punty adatoms of Group IV elements, Si and Ge,
diffuse on the surface with fairly long lifetimes
similarly to the Ga adatoms [29].

On (2113A and (311)A surfaces. a Ga adatom
can easily diffuse on the surface and be trapped at

the nearest slep edge beciuse the mean surface
diffuston lengths are normally much larger than
the step spacing. In addition. the physisarbed As.
in the Ax stabhilbized condition. which imples large
As. coverage on the surface, 1s immediately bonded
10 the Ga atoms at the step edge and thus incor-
porated on the As sublattice sites provided by the
Ga atoms.

The As stabihized growth fronts on the (211)B
and (311)E xurfaces follow the same sequence as
the (2ID)A and (311)A growth mechanism. with
easv Gz nucleation and successive As bonding
except that the Ga and As sites are interchanged
in the bonding geometry  This continuous step
edge growth, whuch 1s analogous to Frank's spiral
growth [40] with an infinite radivs. has been sug- '
gesied to be ideal for perfect crystal growth [19].

Uniike the (211) and (311) polar surfaces. the
{100) surface alwavs has two double dangling
bonds available for both Ga and As surface atoms
50 that mobile Ga adatoms can randombiv hond
to any Ga site [19] and then the As chemisorption
can subsequently occur at the newly created sites
under the As stabilized conditions. This random
stte incorporation of Ga van easily generate
roughness of the {1001 surface. and the Si and Ge
impurity adatoms can randomlyv find the double
bond sites as well. In spue of the random sihe
growth of the (100 layer. two dimensional growth
of the (100) oriemation surface can be oblained by
mimmizing the staustical fluctuaton {37] (or re-
ducing the configuration entropy [41]} as long as
the individual Ga adatom 15 extremely mobile and
can cover a large surface area bv surface diffusion
(42].

In other studies of residual impurities in 5
doped MBE GaAs grown on (100} substrates [43].
we have found that a larger Ga surface diffusion
coverage correlates with a reduction in the 5i
donor impurity incorporation. This supports the
idea that a longer mean surface diffusion length
for the mobile Ga adatoms on the {100} surfacc
will provide a smoother surface with less impunty
incorporation. However, the surface diffusion of
Ga adatoms to the steps on the (211} and (311}
polar surfaces is no longer the limiting factor in
the growth process since the Ga surface diffusion
length is sufficiently larger than the individual
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step spacing of either (211} or (311) oriented
surfaces. Consequently, all the step sttes on the
{2111 and (2113 surfaces can he reached effectivelv
by the surface difiusion of mobile Ga adatoms
during growth. Even if impunty adatoms arrive ai
the steps simultaneously with Ga adatoms, Ga
adatoms preferentially incorporate at the step sites
on {211y and (311} surfaces due to the nature of
their different chemical bond strengths in GaAs
growth. Thus the step growth can contribute 10
the suppression of the total Group IV concentra-
tion incorporated for MBE growth on (211} and
(311} A and B surfaces respectively, relative to the
total Group 1V impurity concentration in (100)
randor: ~ite growth, However. the site preference
of Group IV impunities on the pelar surfaces can
be enhanced over that on the {1003 surface for the
reasons given in the following discussion.

4.3 Impurity surface reaction in MBE growth

Even though Group IV impurnties can be
strongly amphoteric due to random site selection
on (1000 oriented surface. Si incorporates prefer-
entiallv as a donor in MBE (100) samples grown
in the As stabilized condition. This high probabil-
itv of Si impunties finding Ga sublattice sites 1s
explained by the competition of Si impurity atoms
with surface adsorbed Ga and As atoms {43). in
the As stabilized condition. defined by RHEED
reconstruction pajtern. although the true atomic
nature of the surface structure has not heen estab-
lished. Si atoms can easilv compete with Ga atoms
for Ga sites which are randoemly availabie through
the surface diffusion. while thev do not effectively
compete with the abundant surface adsorbed As
atomns for As sites. .

On a (21DA or (31DA oriented <urface, as a
series of equidistant steps parallel to the [011]
direction grow uniformiv in the [211] direction,
the individual step edge cannot be perfectly
straight, but forms kinks. These kinks form be-
cause the surface diffusion of a Ga adatom toward
a nearby step automaticallv creates kinks as shown
in fig. 4a. The mobile adatoms of Si and Ge
impurities can reach the step and join the As kink
sites. From there it is very hard to escape since the
bond energy of the As kink sites (3 danghing
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Fiz. 4. (2t Schemaue representation of the closed pached

surface structure with penedic ateps and kinks for (21114 or

f3113A onented surface (b)) Top view of the 121144 or (3111A

surface structure with kinks in a step. (o) The same top view [

(2113A or 13113A surface as (b) but showing an advance of

uniform step edee by As bonding. (d+ Top view of the (21118
or t311B surface structure with hinks in a step.

bonds) 1s much higher than on the step edge (2
dangling bonds) or flat (111DA terrace surface (1
danghng bond) as shown in fig. 4b (41]. This
trapping growth mechanism a1 kinks can continue
parallel to the [011] direction. generating a peri-
odic bond chain (PBC). On the other hand. there
is no particular Ga kink si'e with 3 dangling
bonds on the A surface for easv trapping of the
impurities as shown in fig. 4c which correspends
1o monolayer growth on the surface in fig. 4b. The
feather-like trace of the selectively trapped impuri-
ties at kinks was observed in LPE GaAs samples
grown on substrates misoriented a few degrees
from the (100) toward the (111)A onentation
[44-46]. and this suggests that two-dimensional
laver growth on {100} surfaces is possible by the
(111) step edge propagation with two (1103 PBCs
[47]. During the growth of the periodic bond chain
parallel to the {011] direction on the (211)A and
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(311)A surfaces. the incorporation of Si and Ge
impurities 18 more probable on the As sites than
on the Ga sites. This explains the fact that Si
behaves preferentially as an acceptor for (211)A
and (311)A oriented growth [13] and that the
amphoteric tatic of 5i is greater than 4 in MBE
GaAs samples grown on {311)A substrates {20].

In contrast. 1t is the Ga kink sites oa the (211)B
and (311)B surface that have high bond energies
and can easily trap a mobile adatom as shown in
fig. 4d. A Ga adatom. which diffuses to a nearby
step vdge and incorporates there, creates a pair of
As sites. These two adjacent As sites have the
ideal configuration for the dissociative As incor-
poration of an As. molecule. leading to an in-
creased incorporation rate for As. The relatively
easy incorporation of Group IV impurity adatoms
trapped at Ga kink sites and the efficient pairwise
incorporation of As result in the preferential in-
corporation of Si as a donor in MBE growth on
the (211)B and (3118 onentations. This explains
that the site preference of Si for Ga sublattice sites
in the {311)B laver is much greater than that in
(100} grown laver.

Ge is more amphoteric than Si and incorpo-
rates preferentiallv as an accepior under the growth
conditions of the high substrate temperature and
low V /11T ratio in (100) MBE growth [48]. It was
found that Ge is incorporated preferentially as a
donor in MBE samples grown simultaneously on
{100y and {311)B suhstrates at a V /11] ratic of 20
and a substrate temperature of about 590°C. Ih
was ailse shown that the amphotenc ratio of Ge
(|Gea, 1/[Gag, ) was 0.08 for the (311)B onented
sample and 0.37 for the {100) oriented sample {49].
This result indicates that the Ge amphoteric ratio
Is about 4 times higher than the Si amphoteric
ratio for both (311)B and (160) oriented samples.
however, the amphotenic behavior of Ge in the
samples grown simultaneously on {311)A and
(311)B substrates is similar to that of Si [20] due
10 the simular nature of the mohile Ge and Si
adatoms.

Although the As kink sites have a higher bond
energy for Si and Ge adatoms on the (311)A sites.
these As kink sites. including As step edge sites.
are not favorable for incorporation of C carried by
hydrocarbons or ather compounds that reguire a

Tahle 2
Orientation dependent incorporauon of Group IV impurites
in MBE growth

{Sir_p}.:om = [Sif;;a]mnﬁ =[S
S Tams > [Sadiwe = [Sia o
fCa T > [Cauiatrm = 1Cau)iatna
[Ge(';alnﬂ(h = [GCG;I](?H:R *
[Gesdinnis > [Seadio -~ [Geading a

* Because the amphateri. behavior of Ge is more dependent
on growth conditions than that of Si. and because the donar
and acceptor concentratons of Ge in the samples we studied
are so small that guantiliave anaivsis of Ge is difficult. the
expennmental data for the onentation dependence of Ge
incorporated on either (1A and (100 oremtations or
(1001 and (311)B orientations vary slightly between samples,

dissociative reaction process and removal of the
foretgn atoms or molecules before incorporation.
This 15 because the foreign atoms or molecules
atiached 1o the C atom block the step propa-
gavon, thus inhibiting C incorporation uniii the
foreign atoms or molecules are desorbed. This
complicated dissociation process of the adsorbed
C compound in MBE growth i analogous 10 that
of the adsorbed GaCl molecules in VPE growth
[50}. which will be discussed in more detail in the
following section. On the other hand. carbon is
incorporated as an acceptor on the (311)B surlace
relatively more easilv than on the (311)A surface
since the foreign molecules of a C compound
adsorbed at an As siep edge site can be dissovi-
aied after a Ga adatom attaches to that C atem
withou( hindrance of the step edge growth propa-
gation in the [211] direction |50). With the surface
reaction mechanism described above, the experi-
mental orientation dependence of Group }V im-
punty incorporation in MBE growth summarized
in table 2 can be understood {20.49}.

4.4. Surface reaction mechanism in VPE growth

In vapor phase growth. the Group I and IV
sources are in the form of stable gaseous chloride
compounds [15], while the Group VI impurity
sources are in the form of the stable hvdrides such
as H.S and H_Se [52,53]. The hydride and chlo-
nde compounds of the Group V elements are
thermally unstable and decompose to mainky poly-
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meric compounds at the normal vapor growth
tempueratures [31]. Although the geometnical bond-
ing structure in VPE growth is the same as in
MBE growth. the surface reactions during growth
and the impurity incorporation processes are 2x-
pected to be guite different in VPE because of the
different chemical nature of the source materials.
The surface reactions of the Ga and As nrecursors
at the substrate surface have noi been observed
directly. but the important role of the adsorbed
GaCl, the main source of Ga in VIPPE. on the
orowing surface has been recognized based on the
observation of different growth rates on different
substrate orientations i1n AsCl.-VPE [54.56]. Simi-
lar 1o the surface rezction behavier of mobile
adatoms observed in MBE growth. the adsorbed
maolecules in vapor growth are essentially mobile.
and diffuse toward the steps and perhaps also
towards kinks [57). There s little informaton
about the geometrical structure of the adsorbed
GaCl, though it can be postulated that the Gu
atom from the GaCl admolecule binds to the
surface, so that the Cl atoms can be dissociated
from the admolecule by reactuing with H, to form
HC! gas. resulting in Ga incorporaticn in the
crvstal [54). The removal of the Cl atom from the
GaCl admolecule can occur either before or after
an As atom bonds to the assoctated Ga atom. The
particular bonding sequence that occurs depends
on the substrate orientation.

In VPE growth on (111)B oriented substrates,
the GaCl admolecules can diffuse and join the
steps and kinks. These trapped GaCl admolecules
interrupt the two-dimensional step propagaticn
[30] through impunty poisomung of the step mo-
tien {38]. From fig. 44. it is clear that the Cl atom
bonded 10 Ga blocks the step growth since the
adjacent As step site Is not available for an incom-
ing As atom unul the C] atom dissociates from the
Ga-Cl admolecule [30]. As a result. As attach-
ment at steps and kinks i1s extremely difficult. and
consequently the step propagation is retarded. This
qualitatively explains the observauon that the
lowest growth rate in AsCl,-VPE growth occurs
for the (111)B onentation [55} A similar step
poisoning effect has been gbserved n growth and
etching studies of the ionic crystal LiF. It was
found that a small concentration of FeF; in the

[
th

solution. about 1 ppm. is enough to stop the
growth of lavers. because Fe tons occupy the step
sttes and kink sites which are more favorable. and
inhbit the step growth [58-60}.

On the other hand. Ga incorporation is very
efficient at the steps on the (111}A surface [35]
because the Cl atom of the Ga-Cl admelecule at
the step or kink is positioned above the step and
the incoming As atoms can easily attach to the
Ga-Cl molecule forming an As—Ga-Cl admole-
cule [30]. As a result, the Cl atom can dissociate
after the As atom honds 1o the Ga-Cl molecule.
This explains why the highest growth rate has
been cbserved in the growth on (111)A substrates
[23].

The reverse of this surface seaction mechanism
has been observed in ornientation dependent e¢tch-
ing studies of St using HCI vapor {£1.62]. It was
observed that the sites at the steps are more
reactive lhan ordinary surface sites. and i1 was
suggested that the surface diffusion of 5iCl. ad-
molecules 15 one of the important reaction
processes. The vapor etching behavior of (100),
{111}A. and {111)B GaAs substrates has also been
studied using HCl vapor in a VPE reactor [63].
The ornentation dependence of the eiching rates
was found to be simular te the onentation depen-
dence of the growth rate. It was found that the
etching rate of (111JA surface is higher that that
of (111)B surface. It was observed by RHEED
studies that the GaCl adsorpuion occurs only on
1111)A surface. not on (111)B surface. These earlier
results indicate that the incorporation reaction of
Ga in the AsC1,-VPE growth 1s not dependent on
the surface diffusion of Ga adatoms. but it Is
denendent on the complicated reaction behavior
of the Ga-Cl admolecules at surface.

4.5 Impurity surface reactions in VPE growth

The surface reaction behavior of chlorosilanes
(81H,C1,_,. where n = 0-4). which are the main
form of the Si impurities in Y¥PE reactors, is
expected 1o be similar to that of GaCl. The molec-
ular structure of chlorosilane vapor is known to
have a tetrahedral bond geometry with a Si center
atom, but the geometrical confliguration of the
molecular structure of chlorosilane after surface
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adsorption of the Si atom is unknown, (See the
tretment of adsorbed GaCl. [56).) The Si incor-
poration ik assumed to be by reduction of the
hvdrogen chloride molecules from mobile chloro-
stlane tsurface-Si-H,Cl, ) admolecules {61].

For ¥VPE growth on (211)A oriented substrates.
when the Si atom of a chlorosilane molecule
(Si-H,Cl,_,) occupies a Ga site on a (100) step
edge. an As atom bonds to the adsorbed chloro-
silane forming sn As-Sig -H Cl._ . admolecule.
which is the analogue o0 an adsorbed GaCl mole-
cule on (111)A substrales, Eventually the remain-
img H. (1., molecule of the chlorosilane can
dissotiate from the Sig;, atom which is strongly
‘bonded 10 the three neighboring As atoms. When
a chlorostlane molecule reaches the step edge on
{211)A surface. 1ts Si atom can join either an As
step site or an As kink site. In either case. the
H,C1,_, molecule blocks Ga atoms from bonding
to the adjucent Ga site. Since the Ga site is
blocked. the Si atom at the As step site is not
firmily held and the whole chlorosilane molecule
can be desorbed. while the Si atem at the As kink
site 1s relatively firmlv held but the chlorosilane
interrupts the PBC growth. As a result. the
amphoteric ratio of Si.{Si,,]/[Si,, 1. 1s much lower
in the (2113A VPE growth than in the (100 VPE
growth. even though the total Si concentration
{[S1)} in the (211)A laver is reduced substantially
from that of the (100) laver. Similar incorporation
behavior of Si for AsCl,-VPE samples grown on
(311)A surfaces is expected and has been reported
{15]. The suppression of the Si accepior in VPE
{311)A growth and that the C acceptor in MBE
(311)A growth can be explained similarly by the
impunty poisoning effect at kinks. where the ad-
molecules can neither escape nor incorporate easily
as substitutional impurities. These trapped impuri-
ties can affect the step motion even when small
concentrations are present [26.30.59].

The quantitative Si incorporation behavior as a
donor n (211)B growth cannot be easily explained
by the surface kinetic mode] discussed above since
Ga step and kink sites are unfaveorable for either
Ga incorporation or Si donor incorporation. When
the Si atom of a chlorosilane molecule occupies a
Ga step or kink site. the admolecule blocks any As

atoms from bonding to the adjacent As site. Thus
the dissociation of the Si-H,Ci,_, molecule )
necessary before the 8i a1om can bond to As an
produce a Si donor. This is an analogue to thy
dissociative reaction process of an adsorbed GaC
on the same (211)B surface. As discussed earlier
this dissociation process contributes 1o the ex
treme difficulty of the Ga incorporation. resulting
11 the slow step propagation and the subseguently
low growth rate on the (111)B and ¢2113B orienta
uons. In a previou: work. the Sn incorporation
rate for intenuonally Sn doped AsCl,-VPE GaAs
samples grown on (1G0). (111)A. and (111)B onif
entzd substrates has been studied as a function cf
growth rate [16]. The result showed that the incord
poration rate of Sn donors was substantialiv highed
for {111) B lavers than for both (100} and (111)Al
lavers. and that the Sn donor concentration
{{Sn¢.,D in the (111)B lavers was significantls
increased with decreasing the growth rate. Thid
relatively higher [Sn, ] in the (111)B grown lavery
Is consistent with the experimental result of thd
high S donor incorporation behavior in (21118]
and (311)B grown lavers {15}. The explanation for
this observed high Si donor incorporation rate in
(2113B growth 1s that Si, incorporation is en-
hanced presumably due 10 a relatively lower ratd]
of dissociation reactions of the GaCl admolecules
compared with the chlorosilane admolecules at
steps and kinks.

Siimpurities can also incorporate efficientlyv as
acceptors en the (211)B surface. When the Si aton
of a chlorosilane molecule occupies an As site, the
foreign molecule H Cl, ., can dissociate after s
Ga atom is added a1 the step. resulting in high S
acceptor incorporation. This incorporation reac-
uon process for Si acceptors in (211)B growth 1
the same as that of Si donors in (211)A growth. As
a result. the experimental ortentation dependent S
incorporation observed in VPE growth [15].

[Sig,Jimim > [Sig, Joen > [Sica]:hnm-

[SiaJinins > [Si.a.-.]uun; > [Sig ]mna-

where A =2, 3, can be understoad.
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5. Summary and conclusions -

In summary. three impartant expernimental re-
sults have been observed 1n the Group IV mnpur-
ttv corporation behavior. First, at fixed growth
conditons (VLI ratio. source temperature.
erowth temperature. individual partial pressure of
sources and impurities). the total mmpunty con-
centration and the amphoteric ratio of individual
Group IV impunty spectes have been found to he
strongly dependent on the substrate orientation.
Second. although Si and Ge are genersily similar
in incorporation behavior, the orientation depen-
dence of C tncorporation is significantly dilferent
than that of Si in MBE GuAs: that 15 [Sig ],
=[Sty s but [Cy s < [Ca] sy g Third.
the S1 amphoteric behavior o VPE (31734 lavers
15 sigmificantly different from that in MBE (311)A
layers: that is, [S1,.]7[S1;,] = 0.01 in AsCT-VPE
(3IA  lavers. bur [Si,]/[S15.) >4 in MBE
{3T1A lavers,

These results clearly indicate that the incorpo-
ration and amphoteric behavior of Group IV im-
purities in epitaxial GaAs s kinetcally influenced
by the different surface reaction processes (ad-
sorption. surface diffusion. dissociative chemisorp-
uon. and desorption} associated with the substrate
orientation and the different chemical species for
the two growth technigues. The growth on {211)
and (311} oriented substrates has a (111} step
growth component for two dimensional laver
growlh with step propagation in the [2T1} direc-
tion and the growth of PBCs parallel to the [011)
direction in both VPE and MBE growth [29.35].
When the series of steps on the (211) and (211)
surfaces are propagating. the impurities are easily
trapped at continuously available kink sites. In the
case of MBE growth. the mobile impurity adatoms
of Si and Ge trapped at kink sites can easily be
incorporated in the layver without affecting step
maotion. However. when the adsorbed C impuritv
compounds jomn kink sttes. they cannot be easily
incorperated as €., but do interrupt the step
motion through kink potsoning [30]. This kink
poisoning effect can possibly alter the propagation
direction of steps [29]. and have an influence on
impurity mcorporation.

This interruption of step propagation is more

obvious on the (211)B surface in VPE growth.
because the GaCl admolecules require reduction
of the chlorine before Ga incorporation so that
thev act as an impurity which reduces the step
motion and growth rate. Even though the Ga step
and kink sites are not favorable to either Ga-Cl
or Si-H,C1,_, molecules. the Si incorperation as
a donor an the same growth orentation is en-
hanced presumably due to the relatively low dis-
soctalive chemisorption rate of GaCl. On the other
hand. the Ga incorporation on (211)A becomes
relatively effective and the Si,, incorperation on
the sumne surface 15 minimized because there are
no Ga kink sites but only Ga step edge sites. while
the Si, incorporation can he even lower due 10
the kink poisoning effect of adsorbed chlorosilane
molecules at the As kinks.

In conclusion. the observed incerporation and
amphoteric behavior of Group IV impunties for
MBE und AxC].-VPE GaAs samples on polar
crientations has been explained using different
surface reaction provesses and the bonding geonie-
trv on the different onentation. Although the im-
purity concentration in epitaxial lavers is closely
related to the partial vapor pressure of impurity
sources over the substrate. we have demonstrated
that the impurity concentralion is kineticallv re-
duced by increasing the effective surface reaction
af Ga and As sources due to two dimensional step
growth on {211y and (311} oriented substrates. The
strong dependence of the Si amphoteric ratio on
the eprtaxial growth technique is due to the differ-
ent reaction behaviors of the adsorbed chemical
impurity species associated with the surface bond-
ing structure of the dvnamic growth {ront. This
impurity reaction behavior is affected by the
growth front dynamics. which are governed by the
surface reactions of Ga and As source species. In
contrast. the growth mechanism of the epitaxial
process can also be affected by adsorbed impuri-
ties, which can geometrically alter the growth front
by retarding the step motions by a poisoning
effect. Therefore the impurity incorporation mech-

- anism and the growth mechanism interact with

each other and must be considered simulia-
neously. This explanation of the observed experi-
mental impurity incorporation behavior, which is
based on a combination of earlv experimental
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results with our spectroscopic measurements and
simplified assumptions discussed above. will hope-
fully provide addrional clues that will lead to a
full explanation of impurity incorporation and the
epitaxial growth process. '
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