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Transient reflectivity spectroscopy is widely used to study ultrafast carrier and phonon dynamics in semi-
conductors. In their heterostructures, it is often not straightforward to distinguish contributions to the signal
from the various layers. In this work, we perform transient reflectivity measurements on lattice-matched
GaP/Si(001) using a near-infrared pulse, to which GaP is transparent. The pump laser pulse can generate
coherent longitudinal-optical phonons both in the GaP overlayer as well as in the Si substrate, which have
distinct frequencies. This enables us to track the amplitude of the respective signal contributions as a function
of the GaP layer thickness d. The Si phonon signal exhibits a drastic amplitude decrease and a sign change with
increasing d, which can be quantitatively explained by the interference of the probe light reflected at the GaP/Si
interface. Based on this knowledge, we can separate the interface contribution and the substrate contribution
in the carrier-induced nonoscillatory transient reflectivity signal. The obtained signals reveal interfacial carrier

dynamics that is dependent on the GaP layer thickness.
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I. INTRODUCTION

Ultrafast carrier and phonon dynamics in semiconduc-
tors and their heterostructures can fundamentally influence
the performance of electronic devices, and they have there-
fore been studied extensively using a variety of theoretical
and experimental methods [1,2]. Transient reflectivity, a
pump/probe technique based on a light-in, light-out detection
process, is among the most conventional and widely used
experimental methods. It is a particularly powerful technique
to detect coherent optical and acoustic phonons, which can
be induced by ultrashort laser pulses and detected as periodic
modulations of the transient reflectivity at THz and GHz
frequencies [3,4]. Because the modulation frequencies are
characteristic of the materials, it is relatively straightforward
to separate the phonon-induced signals obtained from het-
erojunctions into contributions from different semiconductor
layers. This is not the case for transient reflectivity associated
with photoexcited carriers, which typically manifests itself as
a superposition of exponential functions. It requires simulta-
neous measurements of transient reflectivity and a nonlinear
optical spectroscopy with surface and interface selectivities,
such as second-harmonic generation (SHG), to precisely spec-
ify the carrier contributions from specific layers [5].

Among various semiconductor heterostructures, GaAs/
AlAs quantum wells and superlattices have been studied
most extensively [6-8]. For other combinations of semicon-
ductors, however, lattice mismatch often leads to a strain
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at the heterointerface, which can crucially affect the elec-
tronic and phononic properties [9—11]. Recently, fabrication
of abrupt GaP/Si heterointerfaces without extended defects
has been made possible by means of a two-step growth
procedure [12-19]. They can also serve as a model hetero-
junction because of the small lattice mismatch and small
intermixing at the interface. In previous studies, systematic
transient reflectivity measurements revealed the generation of
coherent longitudinal-optical (LO) and longitudinal-acoustic
(LA) phonons upon above-band-gap photoexcitation of the
GaP layer and the Si substrate [20-22]. The underlying
electron-phonon interaction was found to be qualitatively sim-
ilar to those of the respective bulk semiconductors under the
same excitation condition [23,24], except for the reduced LO
phonon-plasmon coupling for the thinnest GaP layer exam-
ined (thickness d = 16 nm) [22].

By contrast, the GaP/Si interfaces upon below-band-gap
excitation of GaP remain mostly unexplored, except for
a time-resolved SHG study on a thin (d = 4.5 nm) low-
temperature-grown GaP layer [25]. There, a fast (< 400 fs)
rise and decay in the SH signal was detected, with its intensity
peaked at a pump photon energy of 1.4 eV. In addition, a
delayed (~2 ps) rise was observed for pump energies above
1.4 eV. These observations were interpreted as an electronic
transition involving a short-lived electronic state at the het-
erointerface, whose energy lies in the band gaps of the two
semiconductors, and the subsequent transport of the photoex-
cited charge carriers into the Si substrate.

In the present study, we investigate the GaP/Si(001) het-
erointerfaces with various GaP thicknesses in a pump-probe
reflectivity scheme with near-infrared optical pulses. The
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photon energy exceeds the indirect band gap of Si but is well
below that of GaP. The reflectivity signals are periodically
modulated at the well-resolved frequencies of the LO phonons
of GaP and Si, which allows us to separately analyze the
phonon signals from the two semiconductors. The amplitude
of the Si coherent phonon exhibits an apparently complicated
dependence on the GaP overlayer thickness, which can be ex-
plained quantitatively by taking into account the interference
of the probe wave reflected at the heterointerface. This finding
enables us to unambiguously decompose the carrier-induced
reflectivity signal into the contributions from the interface and
from the substrate.

II. EXPERIMENTAL METHODS

The samples studied are nominally undoped GaP films
grown by metalorganic vapor phase epitaxy with thickness
between d = 8 and 48 nm on an exact Si(001) substrate.
Details of the fabrication procedure are described elsewhere
[14,16]. An 8-nm-thick nucleation layer of GaP is first grown
in a flow-rate modulated epitaxy at 450°C for all the sam-
ples studied. The as-grown GaP nucleation layer consists of
crystalline grains with a lateral size of < 30 nm [14]. To
grow thicker (d = 18-48 nm) GaP layers, the GaP layer is
overgrown in a continuous epitaxy at 675 °C. This two-step
growth procedure minimizes the density of planar defects
and enhances self-annihilation of antiphase domains, leading
to an abrupt GaP/Si interface, as shown schematically in
Fig. 1(a) [15,17]. We note that the maximum GaP thickness
in the present study is well below the critical layer thickness
(d =~ 70 nm), above which the GaP crystallinity is degraded
because of the slightly different equilibrium lattice constants
between GaP and Si [14].

Single-color pump-probe reflectivity measurements are
performed in ambient conditions in a near-backreflection ge-
ometry. To investigate the phonon dynamics, an output of
a Ti:sapphire oscillator with 12-fs duration, 815-nm center
wavelength, and 80-MHz repetition rate is used as the light
source. GaP is transparent to the 815-nm light, whereas the
optical penetration depth in Si is ~10 wm [26]. A spherical
mirror brings the linearly polarized pump and probe beams
to a ~30-pum-diam spot on the sample with incident angles
of < 15° and < 5° from the surface normal. Anisotropy in
the pump-induced reflectivity change, AR., = ARy — ARy,
is measured by detecting the horizontal (H) and vertical (V)
polarization components of the probe light with a pair of
matched photodiode detectors, as shown in Fig. 1(b). This
scheme is suitable to detect the LO phonons of GaP and Si,
which have only off-diagonal Raman tensor components as
described by Eq. (A3) in Appendix A, but it is not ideal
to monitor the mostly isotropic carrier dynamics. The signal
from the detector pair is preamplified and is averaged in a dig-
ital oscilloscope typically over 10 000 times while the delay ¢
between the pump and probe pulses is scanned continuously
with a fast scan delay.

To examine the carrier dynamics, an output of a regenera-
tive amplifier with 150 fs duration, 810 nm wavelength, and
100 kHz repetition rate is used as the light source. The pump
and probe spot size on the sample is ~100 pum. Pump light
is chopped at a frequency of ~2 kHz for lock-in detection.

(a) [001]

[ [-110]
[110]

GaP

ARy

FIG. 1. (a) Model of the GaP/Si(001) interface [16]. Red, yel-
low, and black circles represent silicon, gallium, and phosphorus
atoms, respectively. (b) Schematic illustration of the configuration
for the anisotropic reflectivity detection. PBS denotes polarizing
beam splitter cube.

Pump-induced change in the reflectivity AR is measured by
detecting the probe lights before and after the reflection with
a pair of matched photodiode detectors. The signal from the
detector pair is amplified with a current preamplifier and a
lock-in amplifier. The time delay ¢ between the pump and
probe pulses is scanned with a linear motor stage (slow scan).

III. RESULTS

A. LO phonon dynamics

We first examine the phonon dynamics by measuring
ARe,/Ro using a 12-fs laser pulse at an incident pump flu-
ence of 0.18 mJ/cm?. Figure 2(a) shows a typical anisotropic
reflectivity change for the d = 48 nm GaP/Si sample. We
extract its oscillatory part by subtracting the nonoscillatory
baseline that can be fitted to a multiple exponential function.
The obtained oscillations are summarized in Fig. 2(b) for all
the GaP/Si samples at two representative pump polarizations.
The oscillations consist mainly of two frequencies, 12 and
15.6 THz, which are seen as sharp peaks in the fast-Fourier-
transformed (FFT) spectra in Fig. 2(c). These peaks arise from
coherent LO phonons of GaP and Si, respectively, as is evident
from the comparison with the signals of bulk GaP and Si
shown in the same figure [27].

For the bulk GaP and Si crystals, the [—110] and [110]
crystallographic directions are equivalent. Correspondingly,
the LO phonon amplitudes are comparable between the
pump polarizations along these two directions, as shown in
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FIG. 2. (a) Anisotropic reflectivity change for d = 48 nm. (b) Oscillatory parts of the anisotropic reflectivity changes of GaP/Si(001)
samples with different d. (c) Fast Fourier transform spectra of (b) in the optical phonon regime. Pump polarization is either parallel to the
[—110] or [110] directions of the Si substrate (labeled, respectively, with I and II). Probe light is polarized nearly along the [100] direction for
the anisotropic detection. Reflectivity signals from (001)-oriented Si and GaP wafers are also shown for comparison. Incident pump density is
0.18 mJ/cm?. Traces are offset for clarity.

Figs. 2(b) and 2(c), while the phases of the oscillations are
opposite to each other because of the Raman generation, as
explained in Appendix A. For the GaP/Si samples, by con- I e
trast, the two directions can be distinguished based on the o
miscut of the Si substrate surface, as schematically shown in
Fig. 1(a). The GaP peak height in Fig. 2(c) is apparently larger
for pump polarization along the [110] axis (labeled “II”’) than
along the [—110] axis (“T”). For a fixed pump polarization, the
GaP peak height increases monotonically with increasing d.
By contrast, the Si peak height is comparable between the two
polarizations for all the GaP/Si samples examined. It depends
on d in an apparently complicated manner, however, i.e., first
it decreases and then it increases with increasing d.

For quantitative analyses, we fit the oscillatory signals to a
multiple damped harmonic function:

F) =) Aiexp(=Tit)sin(mvit + o),

i
o
|

(@5}
|
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< L st
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with i denoting different phonon modes. Figure 3 compares
the experimentally obtained oscillations with the fits and their
GaP and Si phonon components at a fixed pump and probe
polarization combination. Whereas the GaP oscillation com-
ponent simply increases in the amplitude with increasing d,
the Si component flips its phase between d = 38 and 48 nm.
We note that the frequencies v; and the dephasing rates I';
show no systematic dependence on the GaP thickness d, and

Time delay (ps)

FIG. 3. Comparison of oscillatory parts of AR.,/R, obtained at
pump polarization II (black dots) with fits to Eq. (1) (gray curves).
Blue solid and orange dotted curves represent the fit components of
Si and GaP LO phonons, respectively. Signals and fits for the bulk
Si and GaP are also shown for comparison. Traces are offset for
clarity.
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FIG. 4. LO phonon amplitudes As; (a) and Ag,p (b) of the GaP/Si
samples as a function of pump polarization angle 6 from the [110]
direction of the Si substrate. Vertical axes are normalized by Ag; of
bulk Si at & = 90°. Solid curves represent the fits to Eqs. (2) and
(3). Amplitudes for the bulk Si and GaP are also shown with broken
curves for comparison.

they agree with those of the bulk GaP and Si within experi-
mental errors.

Figure 4 plots the GaP and Si phonon amplitudes, Ag,p and
Asi, as a function of pump polarization angle 6 from the [110]
axis of the Si substrate. Here we restrict the initial phase ¢;
around zero and allow A; to take a positive or negative value to
represent the phase flip. The Si phonon amplitude [Fig. 4(a)]
always follows a cosine function of 9:

ASi(d, 9) = —BSi(d) cos 26 (2)

for all the GaP/Si samples as well as for the bulk Si. This
is an evidence of the generation of coherent LO phonons via
impulsive stimulated Raman scattering (ISRS), as described
by Eq. (A4) in Appendix A. The GaP phonon amplitude for
the bulk GaP, plotted with an orange broken curve in Fig. 4(b),
shows a similar 8-dependence, indicating an ISRS generation
in the present below-band-gap excitation condition [24].

The GaP phonon amplitude for the GaP/Si samples, by
contrast, is described more appropriately with an additional
0-independent term by

Agap(d, 0) = Cgap(d) — Bgap(d) cos 26. 3

A similar #-independent component was also observed for
bulk GaP upon above-band-gap photoexcitation with 3-eV
light, and it was attributed to the coherent phonon generation
via ultrafast screening of the built-in dc field in the surface de-
pletion region by photoexcited carriers [24]. The driving force
for this transient depletion field screening (TDFS) mechanism

10
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FIG. 5. (a) Oscillatory part of the anisotropic reflectivity change
of d = 48 nm GaP/Si pumped at different incident fluences. Pump
polarization is parallel to the [110] direction of the Si substrate.
Traces are offset for clarity. (b) Pump fluence dependences of the LO
phonon amplitudes, obtained by fitting the traces in (a) to Eq. (1).
Lines represent linear fits.

is independent of the pump polarization for a cubic crystal
such as GaP, as described by Eq. (A5) in Appendix A. In the
present study, we similarly attribute the 6-independent term
Caap of the GaP/Si samples to the TDFS-driven LO phonons.
The coherent phonon generation via TDFS would require
a photoinduced ultrafast current in a polar semiconductor, as
described in Appendix A. Carrier creation via linear absorp-
tion is unlikely for the present pump photon energy (1.5 eV),
however, because it is well below the indirect band gap of
GaP (2.3 eV). Two-photon absorption (TPA) is not likely to
dominate the photoexcitation either, for the following reasons.
First, the phonon amplitude Ag.p increases linearly with in-
creasing pump fluence for all the GaP/Si samples examined,
as shown in Fig. 5 for d = 48 nm, for example, demonstrat-
ing that the coherent phonon generation is predominantly a
one-photon process. Secondly, the carrier density created via
TPA in (bulk) GaP under the present excitation condition is
estimated to be < 10'® cm™3, and the corresponding change
in the transient reflectivity is estimated to be AR/Ry é 1079,
as described in Appendix B. The latter is smaller than the
experiment by at least an order of magnitude [28]. A more
likely source of the charge carriers in the GaP layer would be
via injection at the GaP/Si interface, either from the interface
electronic states reported in the previous SHG study [25] or
from the Si substrate, as we will discuss further in Sec. IV B.
Figure 6 summarizes the d-dependence of the amplitude
components B; and C; obtained from fitting A;(0) to Eq. (3).
The components Bgap and Cgap increase in parallel with in-
creasing d up to 38 nm. At d = 48 nm, Bg,p becomes several
times larger than Cg,p, indicating that the bulklike ISRS over-
whelms the interface-specific TDFS for the thickest GaP layer.
By contrast, the component for the Si LO mode, Bs;, decreases
almost monotonically with increasing d up to 38 nm. At
d =48 nm it takes a negative value, denoting a phase flip
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FIG. 6. 6-dependent (B, filled triangles) and 6-independent (C,
empty circles) amplitude components of GaP (a) and Si (b) LO
phonons, as a function of GaP layer thickness d. The components
are normalized by Bg; of bulk Si (d = 0 nm). Solid curves in (a) and
(b) represent P, and P, calculated with Egs. (9) and (10). Red broken
and black chain curves in (b) represent 7j given by Eq. (5) and Ty P,,
respectively. P, and P, are normalized by P, (d = 0), whereas Ty
is normalized by Tj (d = 0). The inset in (a) plots the amplitude
component ratio Cgap/(Bgap + Caap) as a function of d.

of the coherent oscillation. We will discuss the origin of this
peculiar behavior in Sec. IV A.

B. Carrier dynamics

To examine the carrier dynamics that can possibly con-
tribute to the TDFS, we also measure the transient reflectivity
AR/Ry using a 150-fs laser pulse at an incident pump flu-
ence of 0.25 mJ/cm?. Gray curves in Fig. 7(a) compare the
as-measured reflectivity changes of the GaP/Si samples with
that of bulk Si. The signal from the bulk Si shows a step-
function-like drop at¢ = 0, followed by very small recovery in
the present time window. The response is in good agreement
with previous reports [29,30] and can be attributed to the free-
carrier excitation across the indirect band gap, followed by
their diffusion and recombination at the surface. Bulk GaP, by
contrast, exhibits no detectable change under the present pho-
toexcitation condition and its signal is therefore not shown.
This gives additional evidence that TPA in GaP is negligible
in the present study.

Transient reflectivity traces of the GaP/Si samples are
qualitatively different from those of the bulk Si and GaP,
indicating the carrier dynamics that is characteristic to the
GaP/Si heterointerface. For d = 8 nm, the reflectivity signal
shows an abrupt drop at # >~ 0 that is somewhat similar to the
bulk Si, though the subsequent recovery is more distinct. The
signals from the thicker (d > 18 nm) GaP/Si, by contrast,
show an initial abrupt drop or rise depending on d, followed
by a subpicosecond increase and then a slower decrease. The
height of the initial abrupt drop or rise, which we represent
with the transient reflectivity at# = 0.5 ps, exhibits a peculiar
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FIG. 7. (a) As-measured transient reflectivity signals AR/R,
(gray curves) of GaP/Si(001) and bulk Si. Pump and probe lights
are polarized along the [110] axes of the Si substrate. Incident pump
density is 0.25 mJ/cm?. The vertical line indicates t = 0.5 ps, and
arrows indicate the initial step height AR(z = 0.5 ps)/R, for selected
traces. Blue broken and red solid curves indicate the contributions
from the substrate and the interface given by Egs. (11) and (12).
(b) Initial step height AR(t = 0.5 ps)/Ry as a function of GaP layer
thickness d (filled squares). Solid and chain curves represent the d-
dependence of P, and TyP,. Curves are scaled to AR(t = 0.5 ps)/Ro
of bulk Si.

d-dependence, as shown in Fig. 7(b). It starts from a negative
value and increases monotonically with increasing d until it
reaches a positive value. This trend is very similar to that of
the Si LO phonon amplitude, Bs;, if we normalize the initial
step height by that of the bulk Si.
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FIG. 8. Schematic illustration of the transmission and reflection
of probe electric field that is incident on a GaP/Si interface. E;:
incident wave; E;, and E;: reflected and transmitted wave at the jth
interface. Incidence angle is exaggerated for clarity.

IV. DISCUSSION

A. d-dependence of the substrate contribution to the transient
reflectivity signal

In the previous section, we have seen that the phonon-
and the carrier-induced signals from the Si substrate exhibit
similar overlayer thickness dependences. In this subsection,
we theoretically model the effect of the GaP overlayer on the
pump-induced reflectivity signal from the buried Si substrate
by explicitly taking into account the light carrier wave.

We first examine the effect of the GaP overlayer on the
pump light incoming to the Si substrate, whose details are
described in Appendix C. We assume a light pulse, whose
electric field in air is described by

Ei(z,1) = Ei(z, t)e'® im0, )

being incident on a GaP/Si heterointerface from the nor-
mal direction. At the air/GaP (z = 0) and GaP/Si (z =d)
interfaces, the light pulse is partially reflected and partially
transmitted, as schematically shown in Fig. 8. Taking into
account the multiple reflections, the transmittance of the het-
erointerface, or the intensity ratio of the light penetrating into
Si to the incident light, can be expressed by

(1 _ ”31)(1 - 7122)

with
E, 1-n
= — = ,
o E; 1 +n
Ey  n—-m
rg = —=— = 6)
Ey nm+m

representing the reflection coefficients for the light wave com-
ing from air into GaP and from GaP into Si, respectively. n;
and n, are the refractive indices of GaP and Si.

Equation (5) implies that the pump intensity in the Si
substrate can depend on the overlayer thickness d due to the
interference among different optical paths (Ey, Eu, Eg, - - .
in Fig. 8). This is the same principle as used for antire-
flection coatings on optics surfaces. In the present case of
GaP/Si, however, the contribution from the d-dependent term
is insignificant, because r; is small as a consequence of com-
parable refractive indices of GaP (n; = 3.18) and Si (n, =
3.68). The pump intensity in Si is modified no more than
15% by varying d, as shown with a red broken curve in
Fig. 6(b), which by itself cannot explain the drastic thickness
dependence of the Si phonon and carrier signals observed in
our experiments.

Next we examine the effect of the GaP overlayer on the
probe light, the details of which are described in Appendix D.
The overlayer similarly modifies the reflectance as a function
of film thickness d:

”31 + rfz + 2rp1 712 cos 2n kod

Ro(d) = '
o(d) 1+ rélr]ZZ + 211712 cos 2n1kod

@)

We assume that a separate pump pulse induces small dis-
turbances 8n(z, t) and dn,(z, t) in the refractive indices of
the GaP layer and the Si substrate. Coherent phonons in the
respective semiconductors modulate the refractive indices pe-
riodically as a function of ¢, whereas photoexcited carriers in
Si induce a step-function-like change in n,. In either case, the
transient reflectivity can be expressed by taking its derivatives
with respect to the refractive indices:

Ro R

AR 1 (3R Ry
8n1 3}12

—(Sl’l1 + —81’12) = P](Sn] =+ P28n2. (8)

The first and second terms of Eq. (8) represent the pump-
induced reflectivity changes contributed by the GaP overlayer
and by the Si substrate. They can be given, respectively, by

aRo 8(n1k0d)
5111
d(nikod) dny

2(”31 - 1)(1 - r122)

(r3, 4 r}y + 2roiriz cos 2nykod ) (1 + 13,12, + 2ro1 712 cos 2n1kod )

21"12(1 — rgl) + 27‘()1(1 + r122)(1 - r(%l) Cos 2(1’11/(0(1)

(1 —COSande)+2k0dr01r]2 sin2n1kod:|8n1, (9)

—2)11

To(d) = ’ :
0(d) 1+ 1,1y + 2ro1712 cos 2n 1 kod ©
J
1 (0Ry 0 0Ry 0
Pd)sm = o (52 G S
R() 8}‘01 8]1] arlZ 8}’1]
X rot(1+ 1) = ro(1 + rgy)
2n1
1 0Ry d0rp2
Py(d)ony = — ———8ny =
»(d)dny Ro 9712 9na "

n
("31 + r122 + 2]’017’]2 cos ank()d)(l + I"(2)1}"122 + 27‘01!‘]2 Ccos Zl’llk()d) (nl + n2)2

Sy, (10)
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Solid curves in Fig. 6 show the d-dependences of the
pump-induced reflectivity changes given by Eqgs. (9) and (10).
The calculations reasonably reproduce the experimentally ob-
tained Si and GaP phonon signals, Bs; and Bg,p, of the GaP/Si
samples. Equation (10) also reproduces the d-dependence
of the initial step height, AR(t = 0.5ps)/Ry, as shown in
Fig. 7(b), indicating that the initial drop/rise arise mostly
(but not entirely) from the photoexcitation in the Si substrate.
Taking into account the d-dependence of the pump intensity
[Eq. (5)] introduces only a minor correction, as shown with
chain curves in Figs. 6(b) and 7(b). The agreements confirm
that the interference effect on the reflected probe light is the
origin of the oscillatory behavior of the transient reflectivity
signal from the Si substrate, whether it is associated with
phonons or carriers.

B. Extraction and interpretation of interface contributions
to transient reflectivity

We can now use Eq. (10) to decompose the carrier-induced
signal into the substrate and interface contributions. We can
express the Si substrate contribution with

ARgup(t,d) _ To(d)P>(d) ARsi(1)
Ry To(0)P>(0)  Ro

where ARs;i(t)/Ry represents the transient reflectivity signal
of the bulk Si obtained under the same condition. The contri-
bution from the interface is then given by

ARin(t,d)  AR(t,d)  ARuww(1,d)
Ro TR Ro '

The substrate and interface contributions given by Eqgs. (11)
and (12) are shown in Fig. 7(a) with blue broken and red solid
curves, respectively.

The obtained interface contribution is qualitatively dif-
ferent between the nucleation layer (d =8 nm) and the
overgrown layers (d = 18-48 nm). For d = 8 nm, it exhibits
an abrupt drop to AR;, /Ry < —1072 at t = 0, followed by a
biexponential increase with time constants g = 1.6 ps and
Tyow = 43 ps toward a positive value. For GaP, the reflectivity
change of 107> would correspond to the photoexcited carrier
density of ~10'7 cm~3, as described in Appendix B. This
is a few orders of magnitude higher than the carrier density
that would be created via TPA [Eq. (B4) in Appendix B],
and therefore excludes TPA as the dominant excitation path.
The fast time constant for the following recovery is close
to the delayed rise time reported in the previous SHG study
on a 4.8-nm-thick GaP/Si [25], which was associated with
carrier injection from the interface electronic state into the
Si substrate. The slow time constant is comparable to that
of bulk Si, 38 ps, and it can be interpreted in the similar
relaxation processes involving the carrier diffusion within the
Si substrate and their recombination at the GaP/Si interface.
The amplitude of the slow relaxation is larger than for bulk Si
indicating a higher density of the recombination centers at the
GaP/Si heterointerface than at the naturally oxidized surface
of bulk Si.

For the overgrown GaP layers (d = 18—48 nm), the inter-
face contribution rises, instead of drops, to ARjy/Ry < 107
within a picosecond, followed by a monotonic decrease on

; 11

12)

a ~30 ps timescale. The qualitative difference in the early-
time response suggests a different excitation path from that of
the nucleation layer (d = 8 nm). Again, TPA in GaP can be
excluded based on the rise height. We consider the interface
signals for the overgrown layers to be contributed, at least
partially, by carrier injection into the GaP overlayer, based on
the deviation of the polarization dependence of the GaP LO
phonons from that of bulk GaP (Fig. 4). The timescale of the
slow decrease, ~30 ps, is independent of d and comparable to
those for d = 8 nm GaP/Si and bulk Si, suggesting a similar
recombination process at the heterointerface.

The TDFS generation of the coherent LO phonons would
require the rise time of the driving force, which is given
by the drift-diffusion current described by Eq. (A5) in
Appendix A, to be shorter than half the phonon period (~50
fs). This does not necessarily mean that the carriers injected
at the heterointerface need to be transported to the GaP/air
surface within 50 fs. The drift-diffusion current is typically
created by photocarriers being accelerated by a built-in dc
field within a surface (or interface) depletion region. The
TDEFS generation would therefore occur most efficiently in the
vicinity of the GaP/Si interface, where the dc field is strongest
and where the drift current arrives fast enough. This spatial
inhomogeneity explains why the TDFS is dominant for the
relatively thin overgrown layer [Cgap/(Bgap + Cgap) = 0.87
at d = 18 nm], but its contribution becomes smaller with
increasing d (0.25 at d = 48 nm), as shown in the inset of
Fig. 6(a).

We note that the dominant source for the carrier injection
into the overgrown GaP layer cannot be determined con-
clusively by the present study alone. On the one hand, the
pump photon energy in the present study is not far from
that of the interface resonance (1.4 eV) reported for a thin
GaP nucleation layer in the previous SHG study [25]. One
might therefore expect that carriers could be injected from the
interface states. On the other hand, the qualitatively different
response in ARjy /Ry between the nucleation layer and the
overgrown layers can be an indication of a different excitation
path. Previous theoretical and experimental studies on (001)-
oriented Si/GaP interfaces [31-33] revealed a type-I band
alignment with the conduction-band offset AE, >~ 0.4 eV. The
present pump light at 1.5 eV would then give sufficient excess
energy to the photoexcited carriers in Si, whose indirect band
gap is 1.1 eV, to overcome the conduction-band offset and go
into the GaP layer. To unambiguously determine the pathways
will require further transient reflectivity experiments on the
GaP/Si heterointerfaces with a tunable pump light source,
which is beyond the scope of the present study.

V. CONCLUSION

We investigated the carrier and phonon dynamics of the
GaP/Si interfaces upon below-band-gap photoexcitation of
GaP by means of pump-probe reflectivity measurements. We
demonstrated the contribution of a buried Si substrate to
the transient reflectivity signal, whether it is of electronic
or phononic origin, to exhibit an oscillatory dependence on
the thickness of an optically transparent GaP overlayer. The
behavior was mainly due to the interference of the probe light
reflected at the heterointerface, whereas the interference effect
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on the pump intensity penetrating into the Si substrate was
found to be minor in the present case. Based on this finding,
we extracted the carrier-induced transient reflectivity arising
from the heterointerface, which was found to be qualitatively
different between the GaP nucleation layer and the overgrown
layers. The knowledge obtained in the present study can also
be applied to the quantitative analyses of transient reflectivity
signals for wide varieties of buried semiconductor heteroint-
erfaces.
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APPENDIX A: COHERENT PHONON GENERATION
AND DETECTION IN BULK SI AND GAP

Illumination with a femtosecond laser pulse can induce
coherent optical phonons in semiconductors. The equation of
motion of coherent phonons can be expressed by

[32Q(t) 00(1)
H ot? ot

2Vph + wihQa)] =F@) (Al
with i, Q, ¥pn, and wp, denoting the reduced mass, displace-
ment, dephasing rate, and frequency of the phonon. For the
coherent phonons to be efficiently generated, the rise time of
the driving force F'(¢) should be equivalent to half the phonon
period (2wph) ! or shorter.

The generation mechanism of the coherent phonons de-
pends on the semiconductor and the excitation laser pulse.
When the laser photon energy is below the fundamental band
gap, impulsive stimulated Raman scattering (ISRS) [34] is
the only known generation mechanism. In ISRS, a broadband
femtosecond optical pulse offers multiple pairs of photons re-
quired for the stimulated process. The driving force F' depends
on the polarization of the optical electric field E through a
third-rank Raman tensor Rji; = (0x/90)ju [3]:

FS®(1) = Ry Er(DE (1), (A2)

where j, k, [ denote the Cartesian coordinates. The Raman
tensor of diamond- and zinc-blende-structured crystals is
given in the form of [1]

0o 0 O 0 0 a
R =10 0 a], Ru={|0 0 0],
0 a O a 0 O
0 a O
Rau=|a 0 0]). (A3)
0O 0 O

In the backreflection from the (001)-oriented surface, in which
the pump light polarization has no z component, the driving
force can be reduced to

FISRS (1) = R EL(1)Ey (1) 4+ Ry By (1)E, (1)

= a|E(1)|*sin 20" = a|E(t)|* cos 20, (A4)

with E; = |[E|cos0', E, = |E|sin®’, and 0’ = 6 — 7 /4 being
the polarization angle from the [100] axis. The driving force
becomes maximum at § = 0 or 7, i.e., when the pump light
is polarized along the [110] or [—110] axis of the crystal.
The direction of the driving force reverses between these two
polarizations, which explains the phase flip of the coherent
LO phonons of bulk GaP and Si shown in Fig. 2(b).

When the photon energy exceeds the band gap, the ISRS
generation of coherent phonons can be resonantly enhanced in
a similar manner as in spontaneous Raman scattering [35,36].
In the case of a polar semiconductor such as GaP, transient
depletion field screening (TDFS) can contribute in addition
[3,24]. In the TDFS mechanism, separation of photoexcited
electrons and holes in the surface depletion region induces
ultrafast drift-diffusion current J; in the surface normal direc-
tion and thereby offers a driving force for the coherent polar
phonons [3]:

FZTDFS(I) _ _

* t
¢ / dr' (1), (AS)
€00€0 J -0
In a cubic crystal whose optical absorption is isotropic within
the {001} plane, the driving force is independent of the pump
polarization.

The coherent phonons can be observed as a periodic
modulation of reflectivity at the zone-center optical phonon
frequency. A nuclear displacement Q associated with the LO
phonon oscillation induces a change in reflectivity R through
the refractive index n and the susceptibility x. In a first-order
approximation, the change AR is given by [3]

R dR dx
= —An>~ ——
an ax 0Q
Here dx/0Q =R is the first-order Raman tensor given in
Eq. (A3). Equation (A6) implies that only Raman-active
phonons can be detected in transient reflectivity, and that the

phonon signal depends on the probe light polarization angle 6
in the same manner as the pump light described in Eq. (A4).

AR AQ. (A6)

APPENDIX B: ESTIMATION OF
TWO-PHOTON ABSORPTION

An ultrafast laser pulse can excite free carriers in a semi-
conductor if the photon energy /iw is above the band gap. If
the photon energy is below the band gap, carriers can still be
excited in the high irradiance region near the beam focus by
simultaneous absorption of two photons. The carrier genera-
tion in the semiconductor can be expressed by [37]

dN(r,z)  al(r,2) n BI*(r, 2)
dz = ho 2hw

where N and [ are the free-carrier density and the pulse ir-
radiance. o and B represent the linear absorption coefficient
and the two-photon absorption (TPA) coefficient. When TPA
is the only absorption mechanism in the material, the photo-
generated carrier density can be expressed by

(BI)

_ 13 00 5
Nop = —— I7(z, t)dt. (B2)
2hew J_o

In the experiments reported in Sec. III A, we use a pump
pulse with a duration At = 12 fs at a typical incident fluence
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F = 0.18 mJ/cm? /pulse. The corresponding peak power den-
sity is I ~ (1 — R)F /At ~ 11 GW/cm?. Using a previously
reported TPA coefficient of GaP, 8 =1 cm/GW [38], we
approximately obtain

Nop =~ iﬁm =1.2x10"%cm™3. (B3)
2hw
In the experiments reported in Sec. III B, in which we use
At =150 fs, F = 0.25 mJ/cm? /pulse, the peak power den-
sity is I ~ (1 — R)F/At ~ 1.2 GW/cm?. The corresponding
carrier density created via two-photon absorption would be

Nap(z) >~ 4.4 x 10" cm ™. (B4)

We now evaluate the reflectivity change that would be in-
duced by the carrier density obtained above. At a surface of a
semiconductor whose refractive index is n, the intensity of the
reflected probe light is expressed by R = rr* in the absence
of the pump light, where r = (1 — n)/(1 + n) is the reflection
coefficient for the light wave. We assume that photoexcited
carriers in the semiconductor induce a small disturbance §n in
the refractive index. The pump-induced change in the reflected
probe intensity can then be expressed by [39,40]

AR ér 4én
— —2Re|l — ) =-— . (BS)
R r 1 —n?

The refractive index can be related to the dielectric constant,

n* = e, and the carrier-induced change can be expressed ac-

cordingly by

2nén = Se. (B6)

On the basis of the Drude model, the dielectric function at the
laser frequency w;. can be expressed by [1]

Né?

eom* (w7 + iwpy)

€(wp) = € — ; (B7)

with N, e, m*, and y being the density, charge, effective mass,
and the scattering rate of the free carriers. Typically, the laser
frequency is such that y < wy . This leads to a carrier-induced
change in the dielectric constant:

2

S~ ——°_5N. (B8)
€om*wy
From Egs. (B5S), (B6), and (B8), we obtain
AR 2 &2 SN (B9)
R n(l —n?)em*o}

Here, the effective mass m™ we use is that for the mixed, two-
component plasma m,, = 0.22m, obtained from

U= my! g, (B10)

M,
where myy and my are, respectively, the mass of the heavy
hole and the optical effective mass for the X valley electron.
The X valley optical mass is given by m;l = (2/3)m; ! +
(1/3)ml_l [24]. Using n = 3.02 at hiwy = 1.55 eV for GaP,
we obtain

AR

- = 2.2 x 10728N/, (B11)

where the change in carrier density SN’ is given in units of
cm 3. For the TPA carrier densities estimated in Eqs. (B3)
and (B4), we would obtain the reflectivity change in the order
of AR/Ry ~ 107® and 1078, respectively.

APPENDIX C: REFLECTION AND TRANSMISSION
OF LIGHT AT A HETEROINTERFACE

In this Appendix, we consider the transmission and re-
flection of light at a GaP/Si heterointerface, which consists
of a GaP layer of thickness d on top of a semi-infinitely
thick Si substrate, as schematically illustrated in Fig. 8.
We assume that a light pulse, whose electric field in air is
expressed by

Ei(z, 1) = Ei(z, t)e'®oim), (Cl)

is incident from the normal direction. Here E;(z,t) and
expli(koz — wot)] represent the slowly varying envelope
function and the fast varying carrier wave. z and ¢ repre-
sent the distance from the air/GaP interface and time. wq
and ko = wp/c denote the light wave frequency and the
wave vector. Hereafter, we approximate the slowly vary-
ing envelope function in Eq. (Cl) as a time-independent
constant.

At the air/GaP interface at z = 0, the light pulse is par-
tially reflected and partially transmitted into the GaP layer.
The reflected and transmitted light waves can be expressed
by

Ei(z,1) = E),(z, 1)e torteon)
3 -~ 2)
Ey(z,t) = Ey(z, t)el(nlk(]Z*wot)’

where 7i; = n; + ik is the refractive index of GaP. We use
n; = 3.18 and k; = 0 at wavelength A9 = 27 /ky = 815 nm
[26] in the following calculations. We apply the boundary
condition that the in-plane components of the electric and
magnetic fields are continuous, and we obtain the reflection
and transmission coefficients for the light wave incoming
from air into GaP:

el lom o5

01 = 3 T 52,

m=l 2 _ous, (C3)
E; 1 +n

The light wave transmitted into the GaP layer is again
partially reflected at the GaP/Si interface and partially trans-
mitted into the Si substrate. We describe the reflected and
transmitted waves by

Exy(2.1) = Bz, 1) Ihate2rsen
A i (C4)
Ex(z,1) = EZ[(Z t)ez[mk0d+112ko(z—d)—w0t]

where 71, = ny + ik, is the refractive index of Si, with n, =
3.68 and k; = 0.006 at Ay = 815 nm [26]. Equation (C4)
implies that the light wave gains a thickness-dependent phase
shift, ¢ = n kod, while it crosses the GaP layer once. We
apply the boundary condition at the GaP/Si interface and
obtain the reflection and transmission coefficients for the light
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wave incoming from GaP into Si:

Ey nm-—m

o= 22 =M T 073,
Ey, n+n
E 2

= 22 = M 0093, (C5)
Ey, m+m

Here we neglect the small optical absorption in Si and approx-
imate 7i, =~ n,. After the reflection at the GaP/Si interface, the
light wave is again partially reflected at the GaP/air interface
and partially transmitted into air. We describe the reflected and
transmitted waves by

Es(z,1) = E3,(z, t)e/Mkoimont129),
Es (7, 1) = By (z, t)e hostani +29) C6)

We apply the similar boundary condition and obtain the reflec-
tion and transmission coefficients for an outgoing wave from
GaP into air:

E3r ny — 1
ro = = =—=052,
E2r ny + 1
E3l 2}11
o= =2 = —— =1.52. (C7)
E2r ny + 1

The amplitude ratio ry of the outgoing wave into air to the
incident wave can be given by the sum of multiple reflection
pathways:

_ B+ B 4 By e 4 B 4 ...

o
E;
=rg + t01r12t|0€2i¢(1 + r10r12€2i¢ + r120r122e4i¢ + .. )
torr1at10€*? ro1 + rppe*?
= rO] % = 2'¢ . (CS)
1 — riorize®® 1+ roirpe?
Here we use the relations #y,t;0 = 1 + rioro; and rjp = —ro;

derived from Egs. (C3) and (C7). Likewise, the amplitude
ratio fy of the incoming wave into Si to the incident wave can
be given by

_ Ene® 4 By Ee™ 4 -

= 3

Ty

= t01l12€i¢(1 + riorne®? + r120r122e4i¢ +-- )
foit12€?

=—. 9
1 — riripe*® &
|

1 8R08 1 aR() 8r01 8Ro 87‘12

——n = —| —— - =

R() 8n1 : R() 3}’01 8n1 3}’12 3}11

The reflectance, or the light intensity reflected into air, can
then be given by
|ror + ripe®®|?

”31 + r122 ~+ 2rg 712 cos 2¢
T 1+ reri 4 2roiri2 cos2¢

2
Ry = |rno|” =

(C10)
The transmittance, or the light intensity transmitted into the Si
substrate, can be given by

Th=1-—Ry

AR
L+ rgriy + 2ro1ri2 cos 2¢p

(C11)

The red dashed curve in Fig. 6(b) shows the transmittance
given by Eq. (C11) as a function of the GaP thickness d. The
calculation indicates that the pump intensity transmitted into
Si is modified by no more than 15% with varying d, which
is too small to explain the experimental d-dependences of Bg;
plotted in the same figure.

APPENDIX D: PUMP-INDUCED CHANGES IN
REFLECTIVITY FROM THE GaP/Si HETEROINTERFACE

In this Appendix, we consider the pump-induced change
in the probe light wave reflected from the GaP/Si heterointer-
face. We assume that a pump wave induces small disturbances
ény(z,t) and dny(z,t) in the refractive indices n; and n; in
the GaP layer (0 < z < d) and in the Si substrate (z > d),
respectively. Because the semiconductors have very small or
no absorption to the pump light, we can approximate the
disturbances to be independent of the depth z in both GaP and
Si and to depend only on the time delay ¢ between the pump
and probe pulses. Coherent phonons in the respective semi-
conductors modulate n; and n; periodically as a function of 7,
whereas photoexcited carriers in Si induce a step-function-like
change in n;.

To determine the pump-induced change in the reflectance,
we can take derivatives of the reflectance with respect to the
refractive indices:

ﬁ = i<%8n1 + %8@)
R() R() 3711 8}’12
A change in n; can modify ry, r12, and ¢ = nikod, whereas
a change in n, can affect only r,. The first and second terms
of Eq. (D1) can therefore be expressed by

(D1)

IR, a¢)
077 on,
3¢ an,

2(r§] - 1)(1 — r122)

(rdy 4 1}, + 2roiri2 c0s 2) (1 4 13, 1l + 2ro1712 €08 2¢))

ror (1 + 12 — rip(1 + 12
x [ o 12)2 i 01)(1 — c082¢) + 2kodroi 1 sinij}sm = P,(d)én,, (D2)
ni
1 aRo 1 BRO 87‘]2
——8ny = ————=6bn
R() 8]12 R() 37‘12 31’12
2ra(1 = 7)) + 2r01 (1 + 73) (1 — r3,) cos 2 -2
= — 122( ) + 2o 122( . i) c0s 26 "L sy = Pa(d)ons. (D3)
(r01 + LAY + 27‘011"12 C082¢)(1 + i’ ~|—2r0]r12 COS2¢) (711 ~|—n2)
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Here we use
ARy 2roi(1 = ry) + 2ria(rgy + 1) (1 = 1) cos2¢
drol (1 -I—rglr%z + 2ro1712 COSZd))2

(D4)

Ry 2ria(1 = rgy) + 2roa (1 + ry) (1 — rgy) cos 29

arin (1+ rd,r, + 2ro1r12 cos 2(}5)2
(D5)
8RO _ —41"01}"12(1 —}’gl)(l —l’122) sin2¢

- 2 ’ (D6)
a¢ (1 +r§1r122+2r0]rlzcosz¢)

o =2 _ =l (D7)
on; (14 np)? 2n;
o _ 2w _1- r122, (D8)
on, (n1 + ny)? 2ny
3
9 _ o, (DY)
al’l]
drp __=2m_rp—1 (D10)
ony  (n +m)? 2m

Equations (D2) and (D3) reproduce the experimental d-
dependences of the phonon-induced reflectivity signals from
GaP and Si, as shown in Fig. 6.
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