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We present a study of the real-time monitoring of the homoepitaxial growth of
GaP, InP, and the growth of InP/GaP and GaP/Si(001) heterostructures, combin-
ing single wavelength p-polarized reflectance (PRS), reflectance-difference spec-
troscopy (RDS), and laser light scattering (LLS) during pulsed chemical beam
epitaxy with tertiarybutylphosphine, triethylgallium, and trimethylindium
sources. The growth rate and the bulk optical properties are revealed by PRS
with submonolayer resolution over 1000A of film growth. The surface topogra-
phy is monitored by LLS providing additional information on the evolution of the
surface roughness as well as the nucleation/growth mechanism. The optical
surface anisotropy, which is related to surface reconstruction and/or surface
morphology, is monitored by RDS and compared with the results of PRS and
LLS. The results are discussed with respect to the deposition kinetics, in
particular as a function of the V:III flux ratio. The pulsed supply of chemical
precursors causes a periodic alteration of the surface composition, which is
observed as correlated periodic changesin the RD and PR signals, confirming the
high sensitivity of both methods to surface chemistry.
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INTRODUCTION

The real-time monitoring of epitaxial growth by
nonintrusive methods is important for meeting the
increasingly stringent tolerances of complex device
structures as well as for achieving a better under-
standing of growth mechanisms in the engineering of
epitaxial layers with well defined optical and electri-
cal properties. Surface-sensitive methods such as
reflection high energy electron diffraction (RHEED),!
reflectance-difference spectroscopy (RDS),? surface
photo absorption (SPA),** and laser light scattering
(LLS)® are providing new insights into surface chem-
istry and morphology during growth. The high sensi-
tivity of these methods to surface/interface phenomena
independent of bulk optical properties and film thick-
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nesses limits their applicability to real-time control.
Optical techniques such as kinetic reflectometry at
both single” and multiple® wavelengths, pyrometric
interferometry (PI)® and spectral ellipsometry (SE)
can be used to monitor bulk-related properties and in
atleast one case have been used successfully for close-
loop feedback control of epitaxy.® However, reflec-
tance changes due to chemical modifications of the
surface are of the order of 102 to 10* and are difficult
to detect in normal incidence reflectance measure-
ments.

In order to increase the sensitivity to surface and
interface related growth properties, we recently in-
troduced a new optical technique, p-polarized reflec-
tance (PRS), which not only achieves high sensitivity
to surface chemistry but also probes bulk material
and buried interfaces and can be applied to control
film thickness with sub-monolayer resolution.!'-4
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Fig. 1. Spectral dependence of the penetration depth of light in GaP
and InP.
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Fig. 2. P-polarized reflectance signal (upper curve) and scattered light

intensity (lower curve) for heteroepitaxial film growth of GaP on Si(001)
at 350°C with a 3 s cycle sequence time.

However, to separate the various effects contributing
to PRS, correlations with other ex-situ and in-situ
measurements are essential. These correlations are
also expected to provide a better understanding of
growth kinetics and better identification of informa-
tion that may be useful for process control.

In this paper, we describe the simultaneous ap-
plication of PRS, RDS, and LLS for monitoring
heteroepitaxial film growth of InP on GaP substrates
and GaP on Si substrates as well as the homoepitaxial
growth of GaP and InP epilayers. The surface-sensi-
tive probes respond to changes of surface reconstruc-
tions and morphologies, which are important in
heteroepitaxial nucleation and growth on silicon and
which must be followed carefully to avoid the forma-
tion of defects associated with lattice strain and
chemical incompatibilities in the nucleation and early
stages of heteroepitaxial growth.'® The combined ap-
plication of PRS, RDS, and LLS for real-time probing
of surface, interface and bulk properties provides
insight into the kinetics and mechanisms of deposi-
tion processes and allows us to evaluate and improve
process conditions, such as surface preconditioning,
deposition temperature, and V-III precursor ratio, for

Dietz, Rossow, Aspnes, and Bachmann

the preparation of iniproved materials.
EXPERIMENT

For PRS and LLS, we employed a p-polarized beam
generated by a HeNe laser (A= 632.8 nm) and a Glan-
Thompson prizm. The beam was incident at p=72°+3°
near the Brewster angles of the substrates. The re-
flected beam is detected by a Si photodiode with a
integrated preamplifier, the output of which is pro-
cessed by a lock-in amplifier and recorded by a data
acquisition system. The scattered radiation is de-
tected simultaneously by a photomultiplier tube (PMT)
located 45° away from the plane of incidence.

Reflectance-difference spectrsocopy measures the
optical anisotropy of the sample, which is normally
dominated by that between the [ 110] and [110] prin-
cipal axes of the (001) surface. The configuration and
approach have been described in detail elsewhere.?®
The spectral rangeis 1.5 to5.5eV. The light enters the
chamber through a nominally strain-free quartz win-
dow.!¢ Residual strain effects were corrected by sub-
tracting a baseline spectrum that was obtained on a
sample that exhibits no anisotropy. For the materials
of interest here, the penetration depths of light de-
pends on photon energy as shown in Fig. 1. For GaP,
homoepitaxy contributions from the back side of the
substrate to the RDS spectra cannot be excluded in
the energy range below 2.5 eV. Therefore, these specta
are presented only above 2.5 eV.

The fluxes of the precursors triethylgallium [TEG,
Ga(C,H,),], tertiarybutyl phosphine [TBP, (C,H,)PH,],
tnmethyfmdlum [TMIn, In(CH,),], and hydrogen are
established by mass flow controllers and are directed
via computer-controlled three-way valves to either
the reactor chamber or a separately pumped bypass
chamber.111317 This allows the sequential exposure of
the substrate to individual pulses of the precursor
molecules. The total gas flow during deposition leads
to a pressure in the low 10~ mbar range. The switch-
ing of the sources is synchronized with the data
acquisition of the PRS and LLS signals to relate
observed changes in the reflected intensity of the light
to chemistry-induced changes in the optical proper-
ties. The Si(001) substrates, vicinally cut 4° toward
(111) [arsenic-doped 1-25 Qcm ], 6° toward (011)
[boron-doped 1-10 Qcm ], and 10° toward (011) [ar-
senic-doped 6-12 Q cm | were given an RCA clean
followed by a DI-H,O rinse, a final buffered HF dip
and a short DI-H, Orinse before being transferred via
a load-lock into the growth chamber. This treatment
produces a (1 x 1) hydrogen terminated Si (001)
surface as verified by RHEED. The on-axis sulfur-
doped (2x10'7cm=?) GaP(001) substrates were ex-situ
cleaned using a Br-methanol rinse, followed by a DI-
H,0 rinse, a NH,OH:H,0 (2:5) dlp for 2 min and a
ﬁnal DI-H,O rinse. For InP homoepitaxy, Zn-doped
(6 x 108 cmﬂ") InP(001) substrates were used after
being preconditioned as GaP. Before epitaxial growth
was initiated, the GaP and InP substrates are raised
to elevated temperatures under a continuous flow of
TBP to desorb the oxides.!®
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RESULTS

GaP Heteroepitaxy on Si

Upon initiating heteroepitaxial growth, the PRS
signal oscillates with a period corresponding to quar-
ter wavelength film thickness as illustrated in Fig. 2
for GaP heteroepitaxy on a 4° vicinal p-Si (001) sub-
strate at 380°C. The reflected intensity increases
during heating to the growth temperature due to the
changes in the dielectric function of the substrate. It
is also strongly affected by surface preconditioning.
Appropriate preconditioning results in a stabilized
reflected intensity after the growth temperature has
been reached. A flux of filament activated Pd-purified
hydrogen is provided continuously.

Growth is done using sequential pulses of TPB and
TEG separated by delays. Typical durations are 1.5 s
of TBP, a 0.6 s delay, 0.3 s of TEG, and a 0.6 s delay,
as illustrated schematically in Fig. 3. The flux inten-
sity of TBP and TEG for Fig. 2 is 0.8 and 0.02 sccm,
respectively, resulting in a total V-III flux ratio of
200:1. For this condition, the growth rate per cycle
sequence is estimated to be 3.6A/cycle assuming a
constant growth rate over the entire deposition pro-
cess. Alsoshown in Fig. 2 (lower curve)is the intensity
of the scattered light as a function of the growth time.
The diffuse scattering signal increases slightly dur-
ing the 4000A of film growth with well-pronounced
features during the film growth. These features also
contribute to the final roughening of the surface as
observed ex-situ by AFM."

These sequential exposures generate a fine struc-
ture that is superimposed on the quarter-wavelength
oscillations. Thisfine structure is maintained through-
out the entire film growth with a periodicity strongly
related to a complete pulse cycle sequence. This fine
structure is shown in detail in Figs. 4a through 4c for
three different sets of conditions: (a) 3's cycle time
with 1.5 s of TBP, a 0.6 s delay, 0.3 s of TEG, and a 0.6
s delay; (b) 4 s cycle time with 0.8 s of TBP, a 1.2 s
delay, 0.2 s of TEG, and a 0.8 s delay, and (c) 7 s cycle
time with 0.8 s of TBP, a 3.2 s delay, 0.2 s of TEG, and
a 2.8 s delay. The flux intensities of TBP and TEG of
0.8 and 0.02 sccm, respectively, are kept constant.
Under this growth condition, the growth rate per
cycle can vary from 1 to 3.6A per cycle, where an
asymptotic saturation seems to be reached.”

Figure 4 also shows that the fine-structure exhibits
a strong periodic modulation of its envelope by nearly
a factor of two. This envelope modulation occurs even
though the pulse sequence is kept invariant, which
indicates that the fine structure does not depend only
on the pulse sequence, but also on periodic changes of
surface conditions on a longer time scale. Note that
the modulation of the amplitude and baseline exhib-
its at least two frequencies. The detailed appearance
depends strongly on the chosen individual precursor
exposure durations. Conditions exist for which the
envelope is smooth (curve a) or exhibits a bimodal
behavior (curves b and c).
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Figure 5a shows the changes in the PRS and LLS
signals during the epitaxial growth of a GaP epilayer
on a 10° vicinal Si(001) wafer. Here the growth rate is
significantly reduced by placing an orifice over the
TEG outlet. Theincrease in the PRS signal in the first
few minutes is due to heating the sample to 600°C
during which a pulsed TBP flux is applied. After 2 min
at 600°C, the temperature is lowered to 350°C, where
epitaxial growth of GaP takes place after the PRS
signal is stabilized (t = 400 s). When growth begins,
the PRS signal shows an increased first maximum
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Fig. 3. TBP and TEG pulse sequence (top) with the corresponding
oscillation in the PRS signal for a 3 s cycle sequence time.
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Fig. 4. Variation in the amplitude modulated fine structure in the PRS-

A signal for (a) 3 s, (b) 4 s, and (c) 7 s cycle sequence time for

heteroepitaxial growth of GaP on Si(001) at 310°C.
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Fig. 5. (a) P-polarized reflectance signal (upper curve) and scattered
light intensity (lower curve) for heteroepitaxial film growth of GaP on
Si(001) (10° off-cut) at 350°C with a 3 s cycle sequence time, and (b)
time evolution of the anisotropy of the RDS-signal at selected points
81,52, and S3 as markedin Fig.5 (a). These spectra are digitalfiltered.

before starting to oscillate with the quarter-wave-
length pattern exhibited during prolonged film growth.
Note, that the diffuse scattered intensity of the Si
substrate is strongly increased compared to that of
the 4° vicinal substrate (see Fig. 2) or to an on-axis Si-
substrate (not shown). This could be related to a large
number of steps on the surface. During film growth,
the diffuse scattered intensity shows pronounced os-
cillations, which differ from the observed quarter-
wavelength oscillation in the reflected intensity. How-
ever, the overall scattered intensity is significantly
reduced, suggesting a smoothening of the surface
topography. At present, it is not clear to which degree
the changes in the scattered light are related to
changes in the surface morphology or the
heteroepitaxial interface.

Reflectance-difference spectra taken during depo-
sition are shown in Fig. 5b for selected points during
the growth process as labeled in Fig. 5a. For the S3,
spectrum obtained at the highest coverage interfer-
ence fringes are seen below 3eV, where the penetra-
tion depth of light is still much higher than the layer
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Fig. 6. Changes in the amplitude modulated fine structure of the PRS
signal and correlated changes in the intensity of the scattered radiation
during the homoepitaxial growth of GaP on vicinal GaP(001) at310°C.

thickness. For the S1 spectrum obtained at lowest
coverage, a 3.1 eV feature appearing that GaP
homoepitaxy occurs (see Fig. 9b). This feature van-
ishes with increasing layer thickness. For reasons
that are not clear at higher energies, a broad feature
near 4.7 eV becomes resolved with increasing thick-
ness into a doublet. A similar double feature is ob-
served for double-domain vicinal silicon (001)-wafers
and probably originates from step structure of the
surface.1220 Hence, we believe that for GaP, which is
nearly lattice matched to silicon, this double feature
is also related to the steps on the surface. This step
structure should be better defined as the surface
becomes smoother with increasing thickness, and is
accompanied by a decrease of the scattered light as
also seen in Fig. 5a.

GaP and InP Homoepitaxy

Under homoepitaxial growth, the quarter-wave-
length PRS oscillation vanishes due to the absence of
interference generated by the differences in the di-
electric functions of film and substrate. However, in
the homoepitaxial growth of InP and GaP, the enve-
lope modulation of the fine structure remains, with
the same periodicity as observed under heteroepitaxial
growth conditions. Figure 6 shows an example of
these oscillations in the PRS-signal and the corre-
sponding changes in the intensity of the scattered
light during GaP homoepitaxy at 310°C with a cycle
time of 4 s. For InP homoepitaxy, the scale of the
oscillations is not as well pronounced as for GaP,
which could be due to the different values of the
pseudo-Brewster angle [@,(InP) ~ 74.5° and ¢4(GaP) =
72.5° at A = 632.8 nm].

Under the observed homoepitaxial conditions, the
LLS intensity shows a modulated fine structure of
opposite sign with respect to the PRS signal, which
also follows following the periodicity of the precursor
cycle sequence. This correlation is not observed for
heteroepitaxial growth on Si. During homoepitaxial
growth of InP and GaP, similar growth oscillation
have been observed in selected energy ranges of the
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RDS spectra. Figure 7 shows these oscillations as
they occur during the growth of InP and GaP
homoepitaxy and InP-GaP heteroepitaxy. These os-
cillations can be related to periodic changes of the
surface reconstruction caused by the successive
changes in the surface composition upon exposure to
t-butPH, and trimethylindium, respectively.

Figure 8a shows the changes that occur in the PRS
and LLS signals during InP homoepitaxy when condi-
tions are changed in a stepwise manner from phos-
phorus-rich to indium-rich. The times when changes
occur are marked I1 through I5. These produce re-
lated changes in RDS spectra as shown in Figs. 8band
8c. Here growth is begun under phosphorus-rich con-
ditions with TBP:TMIn = 400: 1 (-»RDS spectrum I1
and I2) and increased to TBP:TMIn=200:1att=5100
s (-»RDS spectrum 13), followed by TBP:TMIn = 60:1
at t = 8200 s (=»RDS spectrum 14), and TBP:TMIn =
40:1 at t = 9200 s (=RDS spectrum I5). The fluctua-
tions in the PRS signal occurring over a time range of
5 to 10 min are also observable in LLS indicating
periodic changes in the surface morphology. How-
ever, the overall LLS intensity does not increase.
With a TBP:TMIn ratio <60:1, the LLS intensity
increases steadily indicating a significant en-
hancement of the surface roughness.

The overall line-shape of the RDS spectra taken
during InP homoepitaxy is in good agreement with
published data.?! These spectra show a deep mini-
mum near 1.9 eV and three maxima at higher ener-
gies (2.6, 3.5, and 4.2 eV), which could not be attrib-
uted to electronic transitions in the surface region. To
determine the influence of the surface chemical com-
position, the In flux was varied while the TBP flux
was held at a constant high value. A significant
lineshape is observed (see Fig. 8b). While the mini-
mum is not affected, all maxima change. The domi-
nant effect is that the edge approaching the second
maximum near 3 eV becomes weaker with increasing
In flux. This effect can be seen better in Fig. 8c where
the differences relative to the spectrum I1 are shown.
The signal-to-noise ratio is enhanced by Fourier fil-
tering. In Fig.8b, two spectral regions, marked by
arrows, exhibit growth oscillations. The signal varia-
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tion in these regions is due to these oscillations and
not to noise. One such transient is shown in Fig. 7.
Note that the amplitude of the anisotropy oscillation
in InP homoepitaxy is as large as that during GaP
homoepitaxy.

Heteroepitaxy InP on GaP

Figure 9a shows the evolution of the PRS signal and
LLS intensity during GaP homoepitaxy followed by
InP heteroepitaxy on a GaP substrate. During GaP
homoepitaxy, the PRS signal and LLS intensity show
long-term oscillations of the order of 200-300 s re-
lated to small periodic changes in surface morphol-
ogy. The overall scattered light intensity remains
stable. After depositing several 100 nm of GaP growth
is switched to InP. The PRS signal starts to increase
and evolves into quarter-wavelength oscillations af-
ter prolonged periods. The LLS intensity decreases
slightly and stays nearly constant during further
growth. The RDS spectra just before and after this
transition are shown in Fig. 9b. The spectrum at G1
is similar to that observed for InP, except that a
double feature is observed near 3.2 eV. Immediately
after switching, this feature changes to a single peak
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Fig. 7. Alternating changes in the anisotropy of the surface at selected
energies as they can be observed in the RDS signal under the
condition of PCBE.
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Fig. 8. (a) Time evolution of the PRS signal and diffuse scattering light intensity for homoepitaxial InP film growth at 450°C under PCBE conditions
with a 3 s cycle sequence time, (b) RDS spectra in the early stage of growth (11) and after prolonged growth under high TMIn:TBP ratio (I5), and
(c) relative changes in the anisotropy observed in the RDS-spectra at selected points 12 through 15 as marked in Fig. 8 (a) (with respectto I1). The
difference spectra are filtered to enhance the structures. Additional features seen e.g. around 2.2 eV are numerical artifacts.
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Fig. 9. (a) P-polarized reflectance signal (upper curve) and scattered
light intensity (lower curve) for heteroepitaxial InP layer grown on
GaP(001) at 450°C with a 3 s cycle sequence time, and (b) time
evolution of the RDS-signal at selected points as marked in Fig. 8 (a):
G1: during GaP homoepitaxy, G2 through G4 during InP film growth.

and shifts toward lower energies, as expected for InP
because the spectral position for InP is near 2.6 eV.
With increasing coverage all features become weaker
with that near 3 eV broadening significantly. An
additional small feature at 3.2 €V is near in energy to
that observed for as-cleaned InP surfaces covered by
a very thin oxide. Since this feature is not observed
during InP homoepitaxy, it is likely to be due to strain
in the substrate surface region induced by the oxide
film. Therefore, we interpret this feature during the
heteroepitaxy as a result of the (compressive) strain
in the InP due to the high lattice mismatch between
InP and GaP. Another explanation is the linear opti-
cal effect observed earlier in doped GaAs.?

SUMMARY AND CONCLUSION

We have applied PRS, RDS, and LLS to monitor
low-temperature homoepitaxial growth of GaP and
InP and heteroepitaxial growth on Si during pulsed
chemical beam epitaxy. These methods show that
alternatively supplying V-III precursors results in a
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periodic change of the chemical composition of the
surface, which appears either as a periodic oscillation
of the anisotropy as measured by RDS or as oscilla-
tions in PRS. In the case of heteroepitaxial growth,
PRS also exhibits a quarter-wavelength oscillating
component. The long-term variations of the PRS and
LLS signals are interpreted as periodic changes of
surface topography.

We have also investigated surface modifications
with various III-V precursor ratios. For InP growth,
the surface roughens for a III-V precursor ratio less
than 60:1, which is slightly higher than that found for
GaP.
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