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The molecular beam epitaxy of InSb/Si structures was accomplished using group lla fluoride buffer
layers. InSb growth was initiated by opening the In and Sb shutters simultaneously at substrate
temperatures between 300 °C and 400 °C, producing In-terminated 1B surfaces on
CaF,/Si(111) substrates. Reflection high-energy electron diffraction, electron channeling, and high
resolution x-ray diffraction measurements indicated that the InSb layers were of good crystalline
quality. Electron mobilities at room temperature were as high as 65 08/aror an 8um-thick

InSb layer grown on CafSi(111). On Cak/Si(001) substrates, the InSb layers grew in {141
orientation with two domains 90° apart. These InSb layers and ones grown gfCRB&FSI(111)
substrates exhibited inferior electrical and structural properties compared to structures grown on
CaR/Si(111) substrates. ©1997 American Institute of Physids$S0021-897€97)02904-4

I. INTRODUCTION F —C&"—F triple layers'®!® The Cak(001) surface has a
perpendicular dipole moment and the repeat unit consists of
InSb has the smallest band gap, highest intrinsic electrog 2+ _F~ double layerd? It may therefore be possible to
mobility, and lowest electron effective mass of all binary 5rqw APD-free InSb on these polar Gaburfaces. More-
lI-V compounds. These characteristics make InSb'bas'egver, fluoride layers are also known to be effective in reliev-
structures candidates for infrared devices, high speed transiﬁfg thermal mismatch stress in heteroepitaxial systems
tors, and magnetic field sensors. Although there is a |ar9?nrough gliding dislocation&!"2°Their low elastic stiff-
lattice mismatch with InSb, Si is still an attractive substrateness coefficients, particularly that of Bafean also provide
material because Si integrated circuit technology is very maxqditional strain relief via plastic deformatiéfi.22
ture and low-cost, rugged, large-area Si wafers are readily Although the fluorides have much larger thermal expan-
available. With advancements in molecular beam epitaxgjon coefficients than Si, fluoride films cooled to room tem-
(MBE) technology, heteroepitaxy has been achieved on Sherature after high temperature growth on Si generally do not
substrates with a lattice mismatch as large as 20%. contain cracks? For thick CdTe/CafSi structures, near
Monolithic integration of InSb devices on Si substratesvanishing strain was measured in the CdTe layer and the
would offer advantages in microelectronics and infrared decaF,/Sj interface is believed to be responsible for the strain
tector array fabrication. _ relief of the entire structuréThe low substrate temperatures
Compared to the growth of GaAs-4% mismatchand  ysed for InSh growth should also help to minimize thermal
CdTe(~19% mismatchon Si, much less has been reported mismatch problems in InSb/fluoride/Si structures.
on the heteroepitaxy of InSb on %i*The large lattice mis- In this article, we explore the relatively new use of group
match (>19%), the different thermal expansion coefficients |5 fluoride buffer layers in the MBE growth of InSb on Si
(ainsy~2as; @300 K) and antiphase domaifAPD) forma-  gypstrates. Detailed reflection high-energy electron diffrac-
tion (polar on nonpolar growth fof001) and (111) orienta-  tjon (RHEED) and scanning electron microscog$EM)
tions) all present challenges. Some problems have been allgydies on the initial growth of this heteroepitaxial system
viated using tilted substratés;* In pre-depositiofi and the  are presented. The interfacial properties are investigated us-
insertion of various buffer layefst®~1% Group lla fluoride ing x-ray photoelectron spectroscop¥PS), the crystalline
layers have been widely used as buffers for the growth on Sjyality is confirmed using high-resolution x-ray diffraction,
of PbSé***%and CqTely_g whose lattice constant is close t0 and the electrical properties of the InSb films are character-
that of InSb. As evident from Fig. 1, the19% lattice mis-  jzed using Hall-effect measurements. We focus on the use of
match between InSb and Si can be reduced through gradqt;ia,:2 buffer layers grown on $111) substrates since this
layers of Cak and Bak. _ _ ~ simple structure provides the smoothest starting surface for
MBE growth of high quality Caf-and Baf films on Si  gypsequent InSb deposition. Some preliminary results using

substrates has been demonstrated by several gtodi®  BaF, buffers and001)-oriented substrates are also included.
CaF,/Si(11)) interface was found to be primarily Ca-Si

bonds with a neutral overlayer containing completell. EXPERIMENT

MBE growth of InSb/fluoride/Si structures was carried
dElectronic mail: wliu@phyast.ou.edu out in an Intevac Gen Il system with an analysis chamber
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material RHEED intensity oscillations observed during InSb growth

system on GaAg001) substrates. Growth was interrupted occasion-
v-vi Pbse ....oTe ally in the early stages to improve crystallinity and surface
CdTe smoothness.
1-vi © A Varian electron gun was operated at 9.5 keV and an
GaAs GaSb AISb InSb angle of incidence between 1° and 3° to monitor the RHEED
-v oo k) patterns. Digitized images of these patterns were obtained
e fluoride Cng SrF, Bng using a charge-coupled devicé€ECD) camera and a data
5.464) (6:204) acquisition system developed WySpace Associates, Inc.
W 3. Ge We have previously demonstrated that RHEED characteriza-
(5:434) tion, in spite of the known effects of electron-beam-induced

s2 54 56 58 o0 ez oa 66 fluorine desorptipn, can be ysed to study fluc_)ride surfates.
lattice constant (A) Electron bea}m irradiation time on the fluoride layers was
kept to a minimum and RHEED patterns recorded at the

Si  InSb BaF, CaF, initial InSb growth stages were taken from previously unex-

e 0 e posed areas. These precautions prevent modification of the

2 4 & & 10 12 14 16 1B 20 starting surface by the electron beam and ensure that the

linear thermal expansion coefficient (10 K™) observed diffraction features reflect actual growth morphol-
ogy

FIG. 1. Lattice constants and thermal expansion coefficients of various ma- Ar_] adJO|nmg anaIyS|s chamber was used tp (,:OM,iUCt XPS

terial systems related to this work. experiments at room temperature, thereby eliminating com-
plications associated with the use of capping layers and ex-
posure to atmosphere. The analysis chamber was equipped

with a VG100AX hemispherical analyzer and an XR3E2

and two growth chambers: one for fluoride growth and the , ) i .
other for InSb growth. 3-in.-diameter Si substrat8#licon dual-anode x-ray source used in conjunction with a VGX900

Sense, Ing.were cleaned using the Shiraki metfddnd the data acquisition systeifFisons InstrumenjsThe base pres-

passivating oxide was thermally desorbed in the fluoride!® (_)f this chamber was kgp_t below£0Torr during the
growth chamber at 1100 °C, producing WeII—definedeXpe”memS' XPS spectra arising from Id’$.b d, Ca 2,
Si(111)—(7x7) and 2-domain $001)—(2x1) RHEED pat- and F Is transitions were obtained by running the l&d, ,
terns. Substrate temperatuf@s,) were measured by a ther- sou_rcg(hvz 1486.6 eV at a 15 keV potential and a 10 mA
mocouple located at the center of the substrate heater. emission current. The constant analyzer energy mode was

) ) . d with a pass energy of 20 eV.
High-purity polycrystalline Cajand Bak sources were use ) : .
evaporated independently from graphite-coated PBN cru- SEI\:Smkl\c/rogt[ap?slwelrg oztalngd using a JEOI& J|SM880
cibles as the Si substrates were rotated at 10 rpm to impro stem( potential,~10 nA emission currehaind elec-

film uniformity. Throughout deposition of the 1000-A-thick tzrgnkiz/hanpelltng? p;ttern;_:fverei_takzn tat a_zzcg scan angle and a
fluoride layers, a background pressure~et0~° Torr was potential. X-ray diffraction datéw scans were

maintained. Typical growth rates for CaEind Bak were obtained using a Philips Materials Research Diffractometer
. 2

approximately 10 and 20 A/min, respectively, fat11)- operated with a 4-bounce &0 incident-beam mono-

oriented growth and 10 A/min and 15 A/min, respectively, chrometer.

for (001)-oriented growth. These growth rates correspond to

beam equivalent p7ressures of7x10 8 Torr for Cak IIl. RESULTS AND DISCUSSIONS

growth and~1x10"‘ Torr for BaF, growth. Substrate tem- .

peratures of 700 °C were used for both Gadnd Bak A. InSb/CaF5/Si(111)

growth on S{111) substrates. For growth ai®01)-oriented Figure 2 illustrates the evolution of the RHEED patterns

substrates, Cgfwas deposited & ~580 °C and followed during the growth of InSb/CgFsi(111). The smooth transi-

by a rapid thermal anneal at 1000 °C to smooth the as-growtion from the S{111)—(7X7) to the Cak(111)—(1X1) sur-

surface?*?® Details of fluoride growth on Si substrates have face reconstructiongFigs. 4a) and 2b)] provides evidence

been reported elsewhete. that Cak growth proceeds two-dimensionally. Parallel epi-
Following fluoride deposition, the samples were cooledtaxy is confirmed by comparing the electron channeling pat-

to room temperature and transferred under ultra-high vacuurrern (ECP of the bare Si substrate with one taken after

to another growth chamber for subsequent InSb depositiogrowth of the Cak film [Figs. 3a) and 3b)]. The sixfold

using solid elemental sources of (AN, Nikko Kyodo) and  symmetry characteristic afL11)-oriented layers is found in

Sb (6.5N, Dowg). In most cases, a thin nucleation layer both patterns. Fewer details are observed in the,@akern

(2000 A thick was first grown at a low growth rate-0.1  as a result of a higher defect density in the Clafyer than in

ML/s) and a low temperature~300 °Q to reduce the con- the Si substrate.

centration of crystal defects at the interf&88’ A T, from Subsequent growth of InSb was initiated by exposing the

350 to 400 °C, a growth rate 0f0.65 ML/s, and an Spto  Cak, layer to In and Sb fluxes simultaneously. The emer-

In beam equivalent pressure ratio ef3 were used for gence of more closely spaced InSb-related spots in the

growth of the active layer. Growth rates were inferred fromRHEED pattern[Fig. 2(c)] indicated that nucleation took
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FIG. 2. Evolution of RHEED patterns during the growth of
INSb/CaR/Si(111): (a) Si(111)—(7X7); (b) 1000 A Cak(111)—(1x1); ini-
tial growth of InSb(c) ~2 ML, (d) ~10 ML, (e) ~25 ML; after the growth
of a 0.4 um film showing(f) well-defined InSk111)—(2X2) and(g) static
INS(111)—(2X6) surface reconstructions.

()

place via the formation of three dimension@D) epitaxial  FIG. 3. Electron channeling pattert@5 kV, 20° scan ang)eshowing the
islands, as expected from the large lattice mismatch. Theeplication of sixfold symmetry in(@ Si(111) substrate,(b) ~1000 A
cloudy appearance of the sample surface arose from the higfi™S(110 and(c) 8 um thick InSb/Cag/Si(111).

density of dislocations at the interface. As growth proceeded,

CaF, diffraction streaks weakened until disappearing after

deposition of~10 ML of InSb[Fig. 2(d)]. Meanwhile, the low-growth-rate buffer appeared less smooth but more uni-
InSb diffraction features became brighter and 1/2-order spotirm. Increasing the initial growth temperature above 375 °C
began emerging in both the [D] and [113 azimuths[Fig.  also roughened the surface. When growth was terminated
2(d)]. At an equivalent layer thickness 6f25 ML, 1/2-order  and the substrate temperature lowered under an Sb flux, a
streaks could be clearly se¢Rig. 2(e)]. The reflectance of change from g2x2) In-stabilized to a(2x6) Sb-stabilized

the surface also improved at this stage but was not unifornsurface reconstruction was obserJ&ily. 2(g)]. This transi-
across the 3 in. wafer. The coalescence of differently sizetion was reversible and is characteristic of an In-terminated
islands with differing degrees of strain relaxation, and hencénSh(111)A surface?®*° This behavior differs from that of
different lattice constant€ may explain these observations. GaAs grown on CafSi(111), where an As-terminated
After depositing 1000 A of InSb, growth was interrupted (111)B surface is producet.

while the substrate temperature was raised to 375 °C before XPS spectra of In 8, Sb A, Ca 2p, and F k signals
further growth resumed. Fig. (2 shows a well-defined taken at various stages of growth are shown in Fi@.4
(2x2) RHEED pattern for a 4000 A InSb film. It is worth Within the resolution limit of our XPS systeift-1 eV), no
noting that InSb films grown without the low-temperature, interfacial products were detected. As shown in Fidp) 4the
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Z,E g FIG. 5. Nomarski micrograph of an gm thick InSb/Cak/Si(111) film
x% ow § e revealing the presence of stacking-fault-related features.
134 v S8 A
2.6 3d, b g 3
&% o 2 E §‘§;3d312 § E . .
gs 3% s % int micrographs taken under Nomarski interference contrast re-
PR e $ % gai\%g vealed the presence of features related to stacking fdtitis
3 H 3 § 5). Their density was found to increase dramatically with
] ; At

growth temperature. The initial low-temperature, low-
growth-rate buffer also helped reduce the density of these
— e T AT N defects. Occasionally, extended cracks along 11€) direc-

-450  -445  -440 535 -530 525 tions were observed hundreds of microns apart in films
thicker than several microns. Also, sawtooth-shaped microc-
racks were observed in such samples to be most pronounced
around defects and can be attributed to the pinning of strain-
relieving misfit dislocationd’ The sharpness and sixfold
symmetry of the electron channeling pattern for anu®
InSb film [Fig. 3(c)] is similar to that of the underlying
CaFR/Si layer[Fig. 3(b)]. This indicates tha{111} parallel
epitaxy is achieved and that the InSb layer is not twinned.
The high crystalline quality indicated by the channeling pat-
tern was confirmed by x-ray diffraction measurements where
the full width at half maximum for the InSb layer was 125
arcsec. This value is comparable to that reported for material
systems with similar lattice mismatch such as CdT&/Si.

To assess the electrical properties of the InSb layers,
Hall-effect measurements were carried out at room tempera-
ture and 77 K. All samples were found to Ipetype with

InSb Thickness (ML) room-temperature mobilities in the 46m?V s range. Room
temperature electron mobility of ~65000 cni/V s
FIG. 4. (8) XPS spectra taken at various stages during the growth of(n%2>< 1016 Cmf?’) was obtained in an &m film grown

InSb/Cak/Si(111); — 1000 A Cak, OO0 ~1 ML, ——— ~2 ML, 00O : g ) i -
7 ML, — ~25 ML, and © ¢ & 100 ML of InSb; (b) variation of the with a 0.3um low-temperature, low-growth-rate buffer. This

normalized photoemission intensities of the lth, Bb 3, Ca 20, and F & is as high as any value reported to date for any heter‘_mpi'
peaks with respect to InSb film thickness. taxial InSb film, regardless of the amount of lattice

mismatch1112:32-34A conversion top-type conduction at

low temperature, previously reported for InSb films grown
normalized photoemission intensities of the substrate peaksn BaF, substrates and attributed to thermal striimas not
decrease and the epilayer peaks increase exponentially wittbserved. The 77 K mobilities, however, were at least an
increasing InSb coverage. The composition of the InSb filmorder of magnitude lower than the room temperature values.
appears stoichiometric throughout the growth. Similar behavior has been reported for other InSbh-on-Si

The crystal quality, epitaxial orientation, and surfacestructures and is attributed to electron scattering from dislo-

morphology of the epilayer were further investigated usingcations arising from both lattice and thermal str&in$.
SEM and optical microscopy. Nonuniformity in film thick- The electrical properties of InSb layers with different
ness is detected under SEM by the presence of curvegrowth parameters are summarized in Table |. Note that
growth steps on an otherwise fairly smooth surface. OpticaVariations in the electrical properties were detected across
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TABLE |. Electrical properties of InSb/fluoride/Si structures studied in this work.

urt (CNPIV'9) w77k (CPIV S)
Sample Structure Growth paramefers ngt (cm™d) Ny (cm )
S139 InSb/CakSi(111) d,~2 um, dy~0.1 um, T,=375 °C 24 500-28 500
n=2.0x 10'¢ cm=3
S140 InSb/CaKSi(111) d,~3 um, dy~0 um, T, =375 °C 13 000
n=1.9x10%cm™2
S141 InSb/CakSi(111) d,~5 um, dy~0.2 um, T,=350 °C 29020 1686
n=1.7x10"%cm3 n=2.3x10%cm™®
S142 INSb/CaR/Si(111) d,~0.32 um, dy~0 um, T,,=300 °C 47 100 18 508—33 137
n=6.1x10" cm 3 n~3.9x10% cm™
S144 INSb/CafSi(111) d,~8 um, dy=~0.3 um, T¢,; =350 °C 48 647-65 518 4715
n~2.0x 10'* cm™3 n=1.6x10% cm™3
S145 InSh/Bag/CaR,/Si(111) d,~13 um, d,~0.1 um, T,=375 °C 9820 1484
n=1.1x10'® cm™3 n=4.5x10° cm~3
S146 InSb/CakSi(001) d,~4 um, d,~0.2 um, T,;=375 °C 9973 3638

n=2.7x 10 cm=3

n=2.6x10'° cm™3

ad, : thickness of active InSb layed, : thickness of low-temperature, low-growth rate InSb buffer.
PFor XPS studies.

each wafer due to the nonuniform epitaxial growth expectedver, the emergence of 1/2-order diffraction featur€ig).

in a system with such a large lattice mismatch. In general6(c)] was much faster in this cage-2 ML). This suggests
smoother areas Yyielded higher electron mobilities. Thehat the initial growth is made smoother by reducing the
anomalously high 77 K mobility observed for sample S142lattice mismatch from>19% to~4.5% through insertion of
may be related to the thinness of the InSb film and the frethe BaF; layer. On the other hand, the transition from spotty
guent growth interrupts and the thermal cycling occurringto streaked RHEED patterns did not occur until over 100 ML
between growth temperature and room temperature used fof InSb was depositefFig. 6(d)]. A (2X2) surface recon-
XPS studies. We suspect that the alternating thermal straistruction was eventually observgiig. 6(e)]. The SEM mi-
field arising from thermal cycling may have acted as a dis-

location filter and forced threading dislocations to bend over

and propagate parallel to the epilay@iThis could result in a

reduced dislocation density and hence less electron scatter- [110] [112]

ing.

It has been reported that only a very narrow growth win-
dow exists for optimal GaAs/CaHilms grown on on-axis
Si(111) substrate$’*"*8The stringent requirement for opti-
mal growth, however, can be relaxed by growing on off-axis
substrates®®’In addition, the initial nucleation of GaAs can
be improved by the formation of an As layer on the
CaR/Si(111) surface’394% The epitaxial quality of ()
InSb/Cak/Si(111) may also be improved by applying an Sb
soak prior to growth on off-axis substrates.

(@)

B. InSb/BaF ,/CaF,/Si(111) ©

It can be inferred from Fig. 1 that the large lattice mis-
match between InSbh and Si may be better accommodated by
using a stacked BgFCaF, buffer. The growth of high qual-
ity PbSe and CdTe using this structure has been
reportec~*71520\We have carried out some preliminary
work on the growth of InSb/BafCaF,/Si(111) structures. A
1000-A-thick layer of Bakwas deposited immediately after
growing the Cak layer. Despite the 14% mismatch between
the two fluorides, two-dimensional growth is indicated by the ~ (€)
smooth transition from CgFl11)—(1x1) to more closely
spaced Bafl111)—(1x1) RHEED streaks[Fig. 6@ and

6(b)].
; ; _ FIG. 6. Evolution of RHEED patterns during the growth of
The nucleation of InSb on Bafstarted by island forma InSb/Bak/CaR/Si(11): (@ 1000 A Cah(11D—(1x1): (b) 1000 A

tion and the InSb surface exhibited(2x2) reconstruction, BaF,(11)—(1x 1); after the growth ofc) ~2 ML, (d) 100 ML, and(e) 0.1
similar to the growth of InSb on CaHliscussed above. How- um of InSb showing &2x2) surface reconstruction.

(d)
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@

(b)

(a) (b)

C
FIG. 7. (a) SEM micrograph of a 13m InSh/Bak/CaF/Si(111) film re- ©

vealing a relatively smooth surface with shallow triangular steps believed to

be related td100110-type glide steps antb) corresponding ECP pattern
showing the presence ¢f11)-related sixfold symmetry and ring structures

along the edges. @

crograph shown in Fig.(@) revealed a fairly smooth surface

with shallow triangular steps that are probably related to the ©
{100110-type glide steps commonly observed in the
BaF,/CaR,/Si(111) systen?! Although cracks are absent in

this system, curved growth steps related to non-uniform
growth rate can still be seen. The presence of ring structureaG. 8. Evoluton of RHEED patterns during the growth of
along the edges of the ECP pattern of aA® film [Fig.  InSb/Cak/Si(001: (a) Si(00)—(2x1)+(1x2) and (b) 1000 A as-grown

A . . - CaF,(00)—(1% 1), taken in the fluoride growth chamber)—(e): after the
7(b)] indicated that the CrySta"me quahty of the InSb film growth of 60 ML, 0.1um and 4um of InSh, respectively, taken in the InSb

d_eteriorated with the insertion of the Bfaﬁyer- One pos-  growth chamber with a different camera length for the RHEED setup.
sible cause may be the presence of twin(iygde A and B

BaF, grains in the buffer layer.

The reduction in lattice mismatch also does not result inCaF,(001) film, respectively. The growth parameters for
improved electrical properties. The unintentionally dopedinSb were chosen to be the same as (bil)-oriented
InSb films weren-type with Hall mobilities of ~10 000 growth and may not be optimal.
cn?/V s and~1500 cnf/V s at room temperature and 77 K, The growth of InSb proceeded with the appearance of
respectively(see Table )l Interdiffusion has been reported 3D spots[Fig. 8c)] that developed into }2 streaks[Figs.
for an InSh/Bak sandwich-type structut®and could lead to  8(d) and 8e)] in the [110] azimuth. Identical X patterns
the low mobility observed in our layers. In addition, the were seen repeating every 30°. Diffraction features in the
growth parameters in our initial study have not been opti{100] azimuth weakened after growth commenced and re-
mized for InSb growth on BaFsurfaces. For example, the mained spotty throughout growth. As shown in Fidc)8
thicknesses of the two fluoride layers were found to be criti-both the [1D] and [11] patterns indicate a superposition
cal for heteroepitaxy of high quality IV-VI layers and the of two surface structures and contain double diffraction and
best results were obtained with much thinner Cédyers  twinning spots. This suggests that InSb grows in th&l)
(<100 A).” Further work will likely improve the epitaxial orientation with two domains 90° apart, corresponding to the
quality of these structures. epitaxial relationship:

(111)InSH|(00DCakR,

C. InSh/CaF,/Si(001) [112]InSH[110]CaF; or [112]inSH[110]CaF.

Since(00)) is the preferred substrate orientation for de- The above relationship is consistent with the observed ECP
vice applications and the hydroscopic nature of Baty  pattern dominated by ring structures and containing both
complicate processing procedures, we have made an initiél11)-related sixfold symmetry and001)-related fourfold
attempt to grow InSb on Caf€oated Si001) substrates. Due symmetry. Such misgriented growth may be favored since
to the presence of a dipole moment perpendicular to thgrowth in the InSb [11P direction reduces the lattice mis-
(001) plane and the resulting high surface energy, as growmatch from~19% to <3%. The same phenomenon is also
CaF/Si(00)) layers tend to have a high density {f11}- encountered in CdTe growth on (801) and GaA$001)
oriented facetd”2°In order to achieve a smooth surface, ansubstrates®*1~43 As expected, the crystalline quality and
in situ rapid thermal annealing procedéé® was applied electrical properties of these twinned films were worse than
before transferring the sample at room temperature to théhose grown or(111)-oriented substratesee Table)l
InSb growth chamber. Figs(® and 8b) show the RHEED As mentioned before, these InSb/GESH001) structures
patterns of a clean @01 substrate and an annealed were probably not grown under optimum conditions. It is
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