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The heteroepitaxial overgrowth of silicon by nearly lattice-matched compound semiconductors is
reviewed in the context of the separation of the chemical problems associated with the initial sealing
of the silicon surface by a contiguous epitaxial compound film from the problems associated with
the generation of strain during heteroepitaxial growth. Of the mixed compound systems available
dilute solid solutions of composition 63 _,N,P; _, and Zn§Se _, as well as Zn§Ge, _,P are
suitable candidates for the exactly lattice-matched epitaxial overgrowth of silicon. Real-time process
monitoring by nonintrusive methods is important for gaining an understanding of the epitaxial
overgrowth mechanism and for controlling the film properties. A new methmgplarized
reflectance spectroscopy is introduced that provides detailed information about the growth rate per
cycle, the bulk optical properties of the film and its topography. Submonolayer resolution is
accomplished for thousands of A of film growth by pulsed chemical beam epitaxy. While the cubic
materials considered here generally afford easier control of the electrical and optical properties, the
noncubic materials have advantages in the sealing of the silicon surface because of their anisotropic
growth and the formation of metastable solid solutions that may permit the graded growth of
compound films under exactly lattice-matched conditions. Therefore, no clear-cut preference in the
materials selection for nearly lattice-matched overgrowth of silicon by compound semiconductors
can be identified at this time. @995 American Vacuum Society.

[. INTRODUCTION matched compound that seals the silicon surface, which is

Silicon is a unique substrate because of its exceptionefP"owed by the deposition of an appropriately graded layer

perfection, purity, and low cost. It provides a reliable basis®! e desired lattice-mismatched compound, having the

for the manufacturing of integrated circuits supporting asame crystal structure and similar chemical comp_osition_as
multibillion dollar industry. Therefore, attempts at extending the buffer layer. The control of the problems associated with
the use of silicon substrates through the provision of higHne intérfacial chemistry thus are separated from the control
quality heteroepitaxial coatings to other applications that reOf strain induced defect formation. That this strategy works

quire the use of compound semiconductors represent a valldgs been demonstrated recently for well-engineered I11-V/Si

goal of advanced materials engineering. In particular, the inheterostructures.

tegration of silicon and compound semiconductor devices is The key issue in the epitaxial overgrowth of silicon by a
of interest in the context of future advanced microelectronidie@rly lattice-matched compound is the control of planar de-
circuits, e.g., vertically integrated circuits, optically intercon- fect formation during the initial period of nucleation and
nected common memory, and integrated sensor circuits. overgrowth. This is demonstrated by Fig. 1, which shows a

The primary obstacle to the commercial use of silicon-Cross sectional transmission electron microscOM) im-
based heterostructures is the formation of defects that limiage of a GaP film on 801 grown by chemical beam epi-
the performance and reliability of devices and circuits. Therdaxy. Even though GaP is nearly lattice-matched to silicon,
are two distinct albeit interacting sources of defect formathe planar defects in the heterostructure have similar spac-
tion: (1) lattice strain and2) chemical incompatibilities in  ings as expected between the misfit dislocation for the most
the early stages of heteroepitaxial overgrowth. Generally, thémportant lattice-mismatched compound semiconductor het-
properties required for the optimization of specific deviceserostructures, e.g., GaAs/Si or ZnSe/Si. Since for nearly
are not realized in compounds that lattice-match silicon exlattice-matched heterostructures, grown by a low temperature
actly. This has stimulated attempts at the direct growth ofrocess, strain cannot be the cause of the observed defect
lattice-mismatched compounds on silicon substrageg., formation, it must be related to the chemical interactions on
GaAs/Si and ZnSe/Si heterostructdr@s Experience has the Si surface in the very early stages of epitaxial over-
shown that attempts at understanding and controlling thgrowth. Real-time process monitoring is essential for devel-
complex synergism of chemical interactions and strain-oping an understanding of the nature of these interactions
induced defect formation under the conditions of strainedvithout which no progress is possible with regard to the
overgrowth of silicon by mismatched compound semicon-engineering of the defect propagation in lattice-mismatched
ductors is a forbiddingly difficult task. Therefore, we con- heterostructures on lattice-matched interlayers on a silicon
sider it advantageous to grow first a buffer layer of a lattice-substrate.
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BF 9700 DF @500 ture, GaP/SD(.)l),.to introdupe a new method of real-time
process monitoring,p-polarized reflectance spectroscopy
ik ' (PRS, which accomplishes the characterization of the
\ / | . growth process with A resolution over thousands of A of
g/ \n U X film growth*® The article concludes with an outlook at chal-
‘ W copyrite structure compounds and alloys that lattice-match
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silicon and that are of interest in the context of nonlinear
: y\n : optical applications.
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Il. MATERIALS SELECTION

Figure 2 shows a plot of the band gaps and equivalent
lattice parameters for a selection of semiconductors. Of the
IlI-V compounds, GaP and AIP provide for the closest
matching of the lattice constants to silicon, that+€).36%
at room temperature. In view of the substantial differences of
the coefficients of thermal expansion between these com-
pounds and silicon, the minimization of strain effects under
the conditions of heteroepitaxial growth mandates the selec-
tion of low temperature processing. This is possible, for ex-
ample, by molecular beam epitaylBE)® or chemical beam
25 nm epitaxy (CBE)® and is further reinforced by the low thermal
budget requirement of modern single wafer silicon process-

Fic. 1. Bright field(top left) and dark field{top right and bottom leftcross
sectional transmission electron microscopy images of GaP epilayers o9 . -
Si(001). Bottom right: selected area diffraction pattern. Of the II-VI compounds ZnS lattice matches silicon

within 0.39% at room temperature and is thus a suitable can-
didate for the provision of nearly lattice-matched interlayers
In this article, we first review the choices of materials thaton silicon. In view of their highly anisotropic growth, hex-
are available for nearly lattice-matched heteroepitaxy on siliagonal 11-VI compounds provide for a greater tendency of
con and then focus on a specific epitaxial method, pulsethe nuclei to spread across the silicon surface than attainable
chemical beam epitaxidPCBE), and a specific heterostruc- with cubic materials, particularly on tH&11} surface. Also,
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Fic. 2. Bandgaps vs equivalent lattice parameters for selected compounds.
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substrate rotation/
linear motion

chalcogenides and pnictides that crystallized in layer struc-
tures with weak van der Waals bonds between the layers may
be useful choices for the smooth overgrowth of silicon sur-
faces, accommodating residual strain parallel to the interface
and providing a good chemical match to the lI-VI and IlI-V
compounds. However, the reliability of circuits incorporating
layer compounds may be compromised both by their chem-
istry and the weak bonding of the layers. data_
There exist a number of ternary and quaternary =V and %"
[I-VI systems, where the lattice parameters of the constitu-
ent binary compounds straddle the lattice parameter of sili-

Ulwra High Vacuum
reactor chamber

alloys for heteroepitaxial growth on silicon, e.g., in the GaN-
GaAs systeni.However, built-in strain restricts the existence
ranges of solid solutions in thermodynamic equilibrium, so
that only a limited number of realistic choices of exactly
lattice-matched solid solutions emerge from the large number
of pseudoternary and pseudoquarternary systems containing
hypothetical compositions that match the lattice parameter of bypass
SIIICF)n On the basis of Vegards law. Opportumhgs for theFIG. 3. Schematic representation of a system for pulsed chemical beam
engineering of exactly lattice-matched epilayers in Stronglyepitaxy of -V compounds and alloys, incorporating provisions for real-
lattice-mismatched multinary systems exist only if at leastime monitoring byp-polarized reflectance spectroscopy and RHEED.

one component compound nearly lattice-matches silicon.

For example, in the AIN-GaN-AIP-GaP system forthat extended ranges of metastable solid solutions exist in the
which wide regions of immiscibility in solid state are ex- zZnSiP,—ZnGeB-Si—Ge system, which could serve as the
pected, a region of relatively small built-in strain exists closebasis for graded exactly lattice-matched growth of [1-1V-V
to the ALGa _,P pseudobinary. Critical temperatures well alloys on silicon'®
above the liquidus surface have been predicted by the delta
lattice parameter (DLP) model on the GaN-GaP IIl. PULSED CHEMICAL BEAM EPITAXY OF GaP
pseudobinar§. The nitrogen concentrations required to ON Si(001)
achieve exact lattice matching to silicon at room temperature - Although opportunities for exactly lattice-matched growth
are small,y=0.0196 and 0.0189 on the GglN _, and exist among the ZnS based 1I-VI alloys, we focus in our
AIN,P,_, pseudobinaries, respectively. This is above thework on pnictides. This preference is predicated in part by
solid solubility of nitrogen in GaP.However, access to preliminary studies of the interdiffusion of phosphorus and
metastable solid solutions at low growth temperatures igjallium at the interfaces of Si/GaP/Si double heterostructures
likely to extend the existence range of solid solutions over aipon rapid thermal anneali&TA). They show that GaP/Si
limited range of solid solutions in the vicinity of the AIP-GaP heterostructures are stable with regard to interdiffusion under
pseudobinary.  Therefore, in our opinion, dilute the conditions of ultra-large-scale integrati¢gdLSl) pro-
AlLGa (NP, _, solid solutions should represent a possibil- cessing that requires high temperature rapid thermal anneal-
ity for the realization of exactly lattice-matched llI-V/silicon ing (RTA) steps in late stages of the processing sequence.
heterostructures. Figure 3 shows a schematic representation of a cut

In addition to the IlI-V and II-VI compounds, there exist through a chemical beam epitaxy chamber. The substrate
two classes of tetrahedrally coordinated compounds thgsoints downward and is radiatively heated from its back side.
crystallize in the chalcopyrite structure, which is derivedThe gas source beams, triethylgalli(EG) and tertiary-
from the zincblende structure by ordered cation substitutionbutylphosphine(TBP), are brought into the chamber via
Substituting the group Ill sublattice of the 1ll-V compounds three-way valves, so that they can be pulsed with computer-
at 1:1 ratio by group Il and group IV atoms results in thecontrolled delay between the individual pulses. Also, a beam
[I-1IV-=V , compounds and substituting the group Il sublatticeof hydrogen is provided to assist the removal of organic radi-
of the 11-VI compounds at 1:1 ratio by group | and group Il cals from the surface of the growing film. Prior to insertion
atoms results in the I-1lI-\4l compounds. None of the into the process chamber via the loadlock, the silicon sub-
I-111-VI , compounds are close enough in theeiaxis lattice  strate wafers receive an RCA clean followed by etching in
parameters to the lattice constant of silicon to qualify as suitbuffered HF to create a hydrogen-terminat@dl) surface of
able choices. The II-IV-Ycompounds ZnGefand ZnSiB  1X1 reconstruction. The substrates are heated in the pres-
lattice match silicon on th€001) interface within+0.4%  ence of both TBP and hydrogen beams to the growth tem-
and —0.6%, respectively. Since the pseudobinaryperature. Then the switching cycles are initiated to start
ZnSiGe, _,P, system spans only a small range of lattice pulsed CBE of GaP. Previously reported research established
parameters that straddle the lattice parameter of Si, the quaa- process window between 260 and 410 °C, where the
ternary solid solution Zn$i,-Ge, s, that lattice matches growth rate is a weak function of temperatrilost of the
silicon exactly should be accessible. Also we have showmrowth reported here is carried out at 350 °C.

bypass
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Fic. 4. Quarter-wavelength oscillations in the intensity of fheolarized
reflected beam for the epitaxial growth of GaP of081) at 350 °C using
t-butPH, and G&C,H;); source beams. The distance between adjacent
minima corresponds to a GaP film thickness of 1¥50 A.

time

Fic. 5. Relation between the fine structure in the intensity ofpimolarized
reflected beam and the precursor pulse sequence under the conditions of
PCBE of GaP at 350 °C usingbutPH, and G&C,H3); source beams.

In order to gain a better understanding and control of the
heteroepitaxial process, provisions are made for real-tim%

monitoring of the initial surface cleanliness/structure and the € .optllcal properties of the, growing f|IP'ﬁ.!\lote that con-
film growth by PRS. PRS is based on the changes in théamlnatlon of the surface by interactions with a contaminated

reflectance of the heteroepitaxial stack during its formatior] esidual vapor atmospher.e during heating to. the grov_vth tem-
with regard to a beam gf-polarized light that impinges onto peraturg would present itself by changes in the Q|electr|c
the surface at the Brewster angle of the substrate. In thiRroperties that could be detected early. The monitoring of the
work we employed a combination of a HeNe laser and surface properties prior to growth thus provides valuable in-

Glan—Thompson polarizer to generatp-polarized beam of Formation with regard to the reproducible initial conditions

632.8 nm wavelength at which the GaP is transparent. ThgOr the growth process and the opportl_mity for termination at
reflected beam is detected by a photodiode, processe‘"’Hq early stage in the event of contamination problems.

through a phase sensitive amplifier, and read into a computer.I Detalledm;tnhformanon .rega_rdlrégfthe rt]rL]JcIeatllon -andf tip't?.lx'
In addition, the radiation that is scattered by the growing film!@! OVergro Process 1S gained from tne analysis of i€ fine

into the entrance slit of a photomultiplier is detected at astructure that is superimposed on the quarter-wavelength os-

location well removed from the plane of incidence of thecillations of the reflected intensity. It relates to modifications

impinging light beam. It provides information on the rough- of the dielectric function in the vicinity of the surface of the
ness of the top and bottom interfaces of the film evolving heteroepitaxial layer due to the exposure to the se-

The complex reflectivity of a three-layer stack composeoquem'al_ G&CHs)3 z_andt-butPI—b pulses. Figure 5 shows the
orrelation of the fine structure to the chemical changes on

of materials labeled 0, 1, and 2 with interfaces labeled 01 anq1 . .
12, respectively, is given by the surface. Each peak in the fine structure rgpre;ents a com-
plete precursor cycle. In contrast to reflection high-energy
_ Torptrigp exp(—2id) electron diffraction(RHEED) oscillations, the fine structure
”p_1+r01pr12p exg—2iD)’ (D is maintained for thousands of cycles as illustrated in Fig. 6.
Thus PRS permits to follow the heteroepitaxial growth pro-
cess with submonolayer resolution over thousands of mono-

€5 COS @o— €4\ €5 — €, SIF @ layers, thus providing access to the study of the growth

with reflectivity coefficients

Mo1p™= “ - , 2 mechanism in both the nucleation and initial overgrowth
€; COS g+ \sea\/ef— €, Sir? ®o . .
phase as well as in the later stages of film growth. In the case
_Es\/Ef—ea SI? @p— €5\ es— €5 SIF @q of homoepitaxy, the quarter-wavelength oscillations in the
M12p= eoVei— €, SIP o+ €\ eo— €, SIP 0 ) reflected intensity do not exist, but the fine structure persists.
SVET "a fV%s Ta 0 It is similar to the surface photoabsorptic®PA) previously
and phase described in the context of GaAs homoepitaxial structures
2t made by MBE'? However, a difference exists between SPA
= Ve e Sir? g . (4) and PRS in that SPA chooses a laser energy above the ab-

sorption edge to obtain high surface sensitivity, while PRS

Upon initiation of heteroepitaxial growth, the reflected in- works at below bandgap energy to probe for both bulk and
tensitpr:rrprr; oscillates with a period corresponding to surface effects. The latter permits a calibration of the layer
a quarter-wavelength between adjacent minima as illustratetthickness deposited per precursor cycle on the basis of the
in Fig. 4, providing information on the growth rate and on quarter wavelength oscillations observed in heteroepitaxial
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Fic. 6. Selected portions of the fine structure in the intensity ofptfpolarized reflected beam recorded at time intervals labeled a, b, ¢, and d in Fig. 4.

growth experiments. In the case of GaP epitaxy o) of the silicon (001) surface by a contiguous GaP film and
by PCBE the layer thickness deposited per precursor cyclafter 4455 A GaP deposition. The root-mean-squanes)
does not change from the initial overgrowth phase till the endurface roughness changes from 1 nm for Figy 7o 2.26
of the film growth depicted in Fig. 4. nm after an extended period of growth. Note that the AFM
Without precautions in the selection of the source comdine scans cover a wider area than shown in the images. A
pound pulse heights, widths, and delays, the fine structureomplete evaluation at different length scales is still out-
signal is amplitude modulated with a period that persists ovestanding.
extended periods of film growth, but undergoes slow changes Figures 8a) and &b) show equivalent AFM images and
as the thick film heterostructure evolves from the initial over-line scans for the silicof001) substrate prior to growth and
growth phase, as illustrated in Fig. 5. In the special case ddifter five precursor cycles, respectively. The rms surface
homoepitaxy of GaP on G&B01) substrates, the periodicity roughness prior to growth and after nucleation of GaP is 0.5
in the amplitude modulation of the fine structure coincidesand 1.9 nm, respectively, that is, the surface after nucleation
with a similar modulation of the amplitude of the scatteredis substantially rougher than after sealing of the silicon sur-
radiation? Therefore, it is at least in part related to the sur-face by a contiguous layer of GaP.
face roughness that undergoes a slow change in the course of Although the image of the nuclei spreading over the sili-
thick film depositions. In addition to possible periodic varia- con surface seems to reveal slanted side faces, the actual
tions in the surface topography, chemical changes in the efabit of the nuclei is flatter than suggested by the image, that
fective dielectric function contribute to the amplitude modu-is, the spikes in the line scan are typically 10 nm high and
lation of the fine structure, which may be eliminated by an80 nm across. This height scale is consistent within the error
appropriate choice in the relative width, amplitude, and delayimits with the habit calculated from the growth rate per
of the precursor pulses. PRS provides thus a means for readycle (~3 A) and the surface coverage after five cycles
time tuning of the deposition conditions of PCBE toward (~20%). The GaP nuclei on 801) thus tend to grow out
atomic layer epitaxyfALE). An unequivocal check for self- into three-dimensional islands, which is due to two indepen-
terminating ALE mechanisms that should result in mono-dent causesi) the thermodynamic definition of the habit of
layer thickness per cycle independent of the amplitude anthe nuclei by the modified Wulff's lal and(ii) the catalytic
width of the precursor pulses is given by the possibility ofenhancement of the pyrolysis tbutylphosphine on the sur-
calculating the layer thickness per pulse sequence from thiace of the GaP nuclei as compared to the bare Si surface.
observed PRS signal. Under the conditions of PCBE of GaFhis explains the differences in the growth kinetics prior and
on Si for the precursor chemistry chosen by us self-after sealing of the silicon surface. Inhomogeneous growth
terminating ALE does not exist. conditions that are caused by the different catalytic proper-
Figures Ta) and 7b) show atomic force microscopy ties of the coexisting GaP and Si surface elements prevail
(AFM) images(left) and line scangright) just after sealing during the initial nucleation and overgrowth stage, so that
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(b)

Fic. 7. AFM images(left) and line scangright) of (a) a Si{001) surface at the stage of complete sealing by a contiguous GaP epilayer corresponding to an
exposure to ten precursor cycles, dbiithe surface of the same wafer after exposure to 1485 precursor cycles corresponding to a GaP epilayer thickness of
~4455 A,

even at uniform incident fluxes dfbutPH, and G&4C,Hs);  strate and the corrugated film, this should express itself in an
the surface coverages by Ga and P precursors to growth @mhanced PRS intensity during the nucleation period depend-
the GaP islands relative to the remaining bare silicon surfacig on the degree of deviation from two-dimensional growth.
areas differ. This complication vanishes as soon as the silicoindeed, we have observed in specific cases substantial en-
surface is overgrown by a contiguous GaP epilayer. hancements in both the reflected and scattered intensities
Additional insight into the nucleation process is obtainedduring the nucleation period. Figur¢a® shows this for con-
from the analysis of the PRS intensity in the initial period of ditions, where AFM images and line scans—taken at selected
heteroepitaxial overgrowth. The corrugation in the surfacdntervals in the initial period of nucleation and heteroepi-
during this stage of film growth is incorporated into the de-taxial overgrowth—reveal the formation of three-
scription of the reflectivity by replacing the dielectric func- dimensional islands resulting in20% coverage after five
tion of the bulk film by an effective dielectric function precursor cycles and complete coverage after ten cycles. Fig-
e(1+29)+2e,(1—q) ure Q(p) shows a mggni_fied viev_v of the_ PRS inte_nsity for the
€cff= €a , (5) experiment shown in Fig. 4 during the initial period of nucle-
€(1-q)+e(2+0) ation and overgrowth. Here no substantial enhancements of
that varies for a range of the corrugation parameteg&1  the signal are observed, suggesting a nearly two-dimensional
between the dielectric functions of the ambi€gt=0) and  nucleation and overgrowth mechanism. Unfortunately, this is
the compact film(q=1). Thus the effective dielectric func- not always observed, which we relate tentatively to irrepro-
tion of a corrugated GaP film that covers the silicon surfaceducible cleanliness and structure of the silicon surface.
incompletely is expected to be substantially smaller than the We have shown previously that the CBE growth of GaP
dielectric function for a contiguous film. Because of theon Si001) and S{111) surfaces proceeds highly selectively
larger difference between the dielectric constants of the subwith regard to surface areas masked by Sid SiC1* Al-
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Fic. 8. AFM images(left) and line scangright) of (a) a clean hydrogen terminated(®01) surface prior to heating and) a Si001) surface after exposure
to five precursor cycles.

though this is a desirable feature in the context of ULSIprevent further interactions between the surface and incom-
processing, problems must be expected under the conditiofisg Se precursors to growtfi.Also, a substantial improve-
of forced heteroepitaxial overgrowth of the silicon surface byment of GaP epitaxy on Si based on As termination of the Si
GaP nuclei in surface areas that are contaminated by residusilirface by arsine preflow during heating and high tempera-
oxygen and other contaminants. A driving force for theture annealing, as well as on cooling from the annealing to
nucleation of planar defects is provided on the basis of the¢he process temperature in an arsine blanket, has been
Gillespie—Nyholm principl& by the repulsive interactions reported’ Furthermore, we have observed that the provision
between the lone pairs of electrons on the group V or groupf a hydrogen beam that scavenges both oxygen containing
VI precursors to the growth of 11I-V or 1I-VI epilayers on molecules of the residual gas atmosphere and carbon con-
the one side and the lone pairs of electrons on the oxygetaining radicals at the surface of the GaP film is an effective
atoms of residual oxide patches on the other side. At theneans for reducing the density of planar defects under the
boundary between th¢l11} facet on a lll-V or II-VI  conditions of PCBE® Since a very small coverage of the
nucleus sweeping over the Si surface and a patch of oxygesilicon surface by contaminants that is difficult to detect
atoms on the silicon surface the group V or group IV precur{®=<10"%) suffices to initiate the nucleation of planar defects
sors to growth thus may be forced to settle into faulted surin the epitaxial film at a density that prohibits its use for
face positions that maximize the distance between the sudevice fabrication, future improvements in the control of pla-
face oxygen and group V or group VI atoms. nar defect formation will probably continue to rely on em-
There are several observations reported in the literaturpirical improvements of the surface cleanlinegsg., by
that support this interpretation. For example, in the epitaxiabwitching from the conditions of homoepitaxial Si deposition
overgrowth of Si by ZnSe, the formation of planar defects isto heteroepitaxial GaP growthin addition to the control of
significantly reduced upon use of an arsine preflow that terthe surface cleanliness, also the control of the initial surface
minates the silicon001) surface by arsenic atoms, which topography will be important to optimize the complicated
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processing, e.g., crystal growth from the melt, disorder on
i the cation sublattice is quenched-in upon cooling to room
X temperature. Two broad bands of deep don@%) and ac-

' ceptors(Al) are associated with this disorder and dominate
the residual absorption in the near infraféd.

The density of filled and empty states in these bands de-
pends on both the defect density and on the position of the
Fermi level. Therefore, the luminescence features and the
residual absorption in the infrared are affected by annealing
experiments that annihilate quenched-in defect pairs and
change the position of the Fermi level due to changes in the
native point defect chemistry. The latter has been tested by
us using crystals grown by high pressure physical vapor
transport in a dense phophorus vapor atmosplidRV/T),

- which allows the variation of the composition across the en-
tire homogeneity range. Although it is the only method thus
130 . far that achievesn-type behavior in nominally undoped
Cap ansioony > T10°C ZnGeB crystals, it operates above the order—disorder tem-
TBP:TEG 0.5:0.06 . . . .
cycle= dsec (0.30.2/1.2/1.8) perature of ZnGefand is thus subject to the same limita-
7.20 - ) tions as melt growth experiments with regard to quenched-in
nonequilibrium populations of antisite defects on the cation
sublattice.

As to whether or not the problem of native defect control
is solvable under low temperature vapor growth conditions is
not known. Clearly quenched-in disorder on the cation sub-
lattice should present less of a problem, but the low-sticking
6.90 ] coefficients of P and Zn as compared to Ge favors the incor-

] i poration of excess Ge on P- and Zn-antisite positions even at
6.50 MMMMMW%W 0.0 high Zn:Ge and P:metal flow rate ratios. Thus low resistivity
o so 100 150 200 p-type material is obtained that is not suitable for the most
) time / sec interesting device applications. Nevertheless, stoichiometric
Fic. 9. Fine structure in the PRS intensity during the initial overgrowth heteroepitaxial _fllmS of exc_ellt_ant Sl’_”face morphology and
stage for(a) conditions resulting in three-dimensional nucleation and over-IOW concentrations of extrinsic point defects have been
growth and(b) the same growth experiment as used in Figs. 4 and 6. made, and the net carrier concentration decreases signifi-
cantly with increasing silicon content in epitaxial
ZnSiGe, _,P,. Therefore, further improvements in the con-

step flow under the conditions of PCBE at low substratero| of the electrical properties may be expected from future
temperatures, where nucleation on terraces between existifgsearch.

steps plays an important role.
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V. SUMMARY
IV. HETEROEPITAXY OF NONCUBIC LATTICE- In conclusion, we propose a strategy for the heteroepi-

MATCHED COMPOUNDS ON SILICON taxial overgrowth of silicon by compound semiconductors
Since the ZnSiRZnGeR system exhibits small changes that separates the problems associated by interfacial chemis-
in the lattice parameter with composition and matches théry and structure from the problems associated with the lat-
lattice constant of Si at=0.53, it is of interest in the context tice mismatch. Of the mixed compound systems available
of exactly lattice-matched growth on Si substrates. Smootihl,Ga _,N,P; ,, Zn§Se _, and ZnSjGe, _,P, are suitable
heteroepitaxial films of ZnGePare obtained by organome- candidates for exactly lattice-matched epitaxial overgrowth
tallic chemical vapor deposition at atmospheric pressure atf silicon. Real-time process monitoring by nonintrusive
585 °C on GaP and Si substrates, respectit&i{Also, ep- methods is important for gaining an understanding of the
itaxial films of ZnSjGe, _,P have been produced by organo- epitaxial overgrowth mechanism and for controlling the film
metallic chemical vapor dispositiofOMCVD) at the same properties. A new methody-polarized reflectance spectros-
substrate temperatufé. copy, is introduced that provides detailed information about
The key question that will be decisive for the viability of the growth rate per cycle, the bulk optical properties of the
ZnSiGe, _,P, heterostructures in nonlinear optics and inte-film and its topography with submonolayer resolution for
grated optics applications is as to whether or not low temthousands of A of film growth by pulsed chemical beam
perature chemical vapor depositi@@VD) processes provide epitaxy. The most critical issue in the implementation of
for sufficient control of the point defect chemistry in this nearly lattice-matched overgrowth of silicon surfaces is the
material, which is more complex than for binary compoundscontrol of planar defect formation that is linked to residual
and their alloys. Under the conditions of high temperaturesurface contamination. Since very small levels of surface
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contamination that are difficult to detect with existing meth-

ods of surface analysis suffice to result in substantial defec
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t Growth (to be published.

§J. T. Kelliher, N. Dietz, J. Thornton, G. Lucovsky, and K. J. Bachmann,

densities, research addressing this issue must take an empiriyer sci. Eng. B22, 97 (1993.
cal approach. Fortunately, PRS provides for the sensitive and’y. w ornton, C. T. Foxon, T. S. Cheng, D. E. Lacklison, S. V. Novikov, D.

immediate characterization of the deviations from a two-

Johnson, N. Baba-Ali, T. L. Tansley, S. Hooper, and L. J. Challis, 1994

dimensional overgrowth, so that future empirical studies that Electronic Materials Conference, Extended Abstracts paper A35, TMS,

relate the effects of modifications in the wafer cleaning, sur-

Warrendale, PAunpublishegl
8G. B. Stringfellow, J. Electrochem. Sot19, 1780(1992.

face conditioning, precursor chemistry and pulse sequence tog. . stringfellow, J. Cryst. GrowtBs, 194 (1982.
improvements in the overgrowth mechanism do not have to'%. J. Bachmann, Mater. Res. Soc. Symp. P@#2, 707 (1992.

rely exclusively on time-consumingx situcharacterization
experiments.
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