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Three-wave-mixing spectroscopy of ZnSe/GaAs(001) heterointerfaces
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Three-wave-mixing spectroscopy was used to probe the interfacial electronic structure of
ZnSe/GaAs(001) heterojunctions. The interface spectra exhibit two sharp features at 2.92 and
2.72 eV. The former resonance was assigned to the F; transition of buried GaAs. This assignment
was consistent with thickness-dependent measurements of the resonance intensity. The strong inter-
facial feature at 2.72 eV resulted from a virtual crossover transition connecting a resonance state of
the interfacial quantum well to the ZnSe valence band. The interfacial quantum well was produced
by band bending near the junction. Photomodulation second-harmonic measurements corroborate
the assignment of the 2.72 eV resonance. A quantitative microscopic calculation of the relevant
matrix elements suggests that the strong interfacial resonance at 2.72 eV is probably the result of
a two-level nonlinear process involving only the quantum well resonance state and the ZnSe valence
band. Finally we demonstrate that the interfacial deformation potential could not be responsible for

the generation of the interfacial resonance.

I. INTRODUCTION

When two dissimilar crystals are abruptly adjoined, an
interesting physical problem is generated. The interface
of this system, as compared to the bulk, has an intrinsi-
cally different electronic structure that can strongly affect
the physical properties of the entire material. Clearly,
an important scientific task is to identify the electronic
structure of the interface, understand its nature, and de-
velop a complete microscopic model of the physical phe-
nomena that arise at the junction. These exciting prob-
lems are of fundamental interest in their own right and
their elucidation contributes further toward the techno-
logical development of electronic devices.

A buried solid interface is difficult to probe experi-
mentally. Loosely speaking this results from the fact
that conventional optical spectroscopies lack interface
specificity, and traditional surface diagnostics have lim-
ited penetration depth. Second-order nonlinear optical
probes on the other hand are potentially well suited
for studying buried interfaces. They possess long pen-
etration depths characteristic of most optical methods
and intrinsic interface specificity characteristic of second-
order optical processes. The surface sensitivity of sum-
frequency (SF) and second-harmonic (SH) generation, is
well established.! However, few SHG studies have been
performed on buried solid interfaces> ® and even fewer
have utilized the spectroscopic aspect of SHG.%5¢ A mi-
croscopic understanding of the role played by interfacial
excitations in affecting nonlinear optical phenomena in
this system class is, therefore, still evolving.

Nonlinear optical spectroscopy experiments on
solid/solid interfaces were carried out by Heinz and
co-workers on CaF;/Si(111).> Here SFG and SHG mea-
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surements as a function of the fundamental photon en-
ergy were used to determine an interfacial band gap. The
interesting result of this work was brought about by the
interfacial bond combinations. It was found that the Ca
(4s) and Si (3p) orbitals hybridize to produce bonding
and antibonding bands at the interface with an energy
separation well within the band gap of the CaF,. Heinz
and co-workers detected a transition between the bond-
ing and antibonding orbitals of the interface states.

The present paper is concerned with the use of nonlin-
ear optical spectroscopy to investigate ZnSe/GaAs het-
erostructures. ZnSe/GaAs(001) is an important noncen-
trosymmetric system that has received intense recent in-
terest, primarily because ZnSe has been observed to lase
near its optical band-gap energy of ~2.7 eV.? In con-
trast to CaF3/Si(111), the interfacial phenomena of the
ZnSe/GaAs(001) heterostructure arise as a result of a
new band profile which supports new electronic states in
the system. This band profile was determined by Kas-
sel et al.l® Their electrolyte electroreflectance measure-
ments exhibited a weak spectral feature corresponding to
a crossver transition between the valence band of ZnSe
and a resonance state of a quantum well produced by
band bending at the junction. In this paper we aim to
understand the effect of this band bending on nonlinear
optical spectroscopy. Our interfacial SHG and SFG spec-
tra exhibited strong features at 2.72 and 2.92 eV. The
latter resonance was due to the F; tramsition of buried
GaAs and the feature at 2.72 eV was assigned to a virtual
crossover transition between the valence band of ZnSe
and a resonance state of the interfacial quantum well.

The interfacial resonance at 2.72 eV was sensitive to a
variety of structural phenomena. In essence any process
that modified the band profile near the junction affected
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the strength of the resonance. Linear photomodulation
is a simple way to alter the band profile. A weak beam
of light generates electron-hole pairs (EHP) which can
change the electric field in a material.'!'*> We have com-
bined second-harmonic generation with linear photomod-
ulation as a method of measurement to study solid/solid
interfaces. The photomodulation second-harmonic gen-
eration (PSHG) technique was used to corroborate the
existence of a quantum well at the ZnSe/GaAs heteroin-
terface and to study interfacial trapping, electronic trap
lifetimes, and surface reconstruction of buried GaAs.

The purpose of this paper is to present a coherent, and
more complete picture of work that has been described
briefly in several short publications, particularly in Refs.
5,6. The paper is organized as follows. Our samples and
experimental set-up are described in Sec. II. The results
of measurements probing the spatial and spectral origins
of the SHG signal are discussed in Sec. III. In this sec-
tion we also present a microscopic model for the quantum
well states, which we subsequently use to calculate the
interfacial second-order susceptibility. Using this model
it is possible to distinguish the relative importance of
two- and three-level nonlinear processes. A brief conclu-
sion is presented in Sec. IV. Appendix A is devoted to
a detailed calculation of the effect of strain on the SHG
resonance, and a detailed computation of energy levels in
the interfacial quantum well is carried out in Appendix
B.

II. EXPERIMENT

In this section we describe our samples and explain the
mechanism by which the interfacial quantum well arises.
Then we discuss our experimental setup, including the
normalization of the SHG signal using a wedge-shaped
quartz plate. Finally we briefly describe our thickness-
dependent and photomodulation SHG measurements.

A. Samples

Our heterostructure sample consists of an epitaxial
layer of undoped (n < 1 x 10'® cm™3) ZnSe(001), with
thickness ranging from 50 A to 1 ym, grown on a 0.5 pm
undoped (n < 5x10'% cm™3) GaAs film, terminated with
a 2x4 surface reconstruction. The films were grown by
molecular beam epitaxy (MBE) on an n* silicon-doped
GaAs substrate in a MBE dual chamber.!® One cham-
ber was designed for the growth of GaAs and the other
was used to grow the ZnSe overlayer. These two growth
chambers were connected by ultrahigh-vacuum (UHV)
transfer modules. As a result of the substantial tech-
nological interest in the ZnSe/GaAs heterostructure our
samples have been relatively well characterized morpho-
logically, chemically, and electrically.4

It is known that Zn and Ga diffuse across the buried
interface during these growth processes.'® The diffusion
length for Ga (Zn) in ZnSe (GaAs) is about 30 A (100 &),
so that relatively high (4 x 10'® cm™3) dopant densities
arise near the interface.!® Because Zn is an acceptor in
GaAs and Ga is a donor in ZnSe, their diffusion produces
an intrinsic band bending at the interface (see Fig. 1).
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As a result of this band bending an interfacial quantum
well forms in the GaAs conduction band. This type of
quantum well at a heterointerface has been produced and
studied in other systems.!®"'® The ZnSe/GaAs hetero-
junction differs from many previous observations how-
ever because the donors and the acceptors are generated
during growth by interdiffusion across the junction. The
interfacial quantum well in the ZnSe/GaAs system sup-
ports new electronic states with energies higher than the
conduction band of the ZnSe.

B. Optical arrangements

The layout of the experimental apparatus and a rough
schematic of the optical setup for SHG and SFG is dis-
played in Fig. 2. In these experiments polarized beams
of laser light with frequencies of w; and ws illuminate

the sample, and photons with frequency of w3 = w; + wq

are generated. The fundamental reflected photons are
stopped by a spectral filter and monochromator and the
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FIG. 1. (a) Energy-band profile as a function of the depth

for the ZnSe/GaAs(001) system. This band profile was deter-
mined by solving the Poisson equation for a Gaussian charge
distribution given in Appendix B. (b) The wave functions
of the first three eigenstates of the quantum well are shown
along with the valence band wave function. The thickness
of the overlayer is 215 A and 2=0 is defined at the vacuum
surface of the ZnSe overlayer.
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intensity of the upconverted field is measured.

The fundamental light source is a Spectra Physics
PDL-2 Nd:YAG pumped dye laser oscillator and ampli-
fier system (YAG is yttrium aluminum garnet). A stan-
dard 532 nm pumped PDL-2 dye laser can cover a range
from 1.38 ¢V (900 nm) to 2.22 eV (560 nm), but the
most interesting part of the spectra in our case was in
the range from 900 nm to 1000 nm. To generate such
an output we have modified our PDL-2 dye laser with a
new grating. This grating has 1200 lines/mm which pro-
vides an efficiency greater than 70% in the near infrared.
With this grating in the oscillator the LDS925 Exciton
dye can cover a range of 905 nm to 970 nm. It was deter-
mined that 144 mg/1 (10 mg/1) of this dye in methanol
for the oscillator (amplifier) gave optimal output power.
The power spectrum of this dye is shown in Fig. 3.

In the SFG experiments the unused portion of the
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FIG. 3. Typical laser power spectrum of Exciton LDS925
dye for the modified PDL-2 dye laser. The pump power is
350 mJ/pulse at 532 nm.

1064 nm output of the Nd:YAG laser was delayed tem-
porally and made coincident with the dye laser output.
A 10%/90% wedge-shaped fused silica plate was used to
split off reference and sample beams. Normalization of
the sample signal will be discussed later in this section.

The angle of incidence on the ZnSe/GaAs samples was
75°. At this angle more than 50% of the p-polarized
fundamental light was transmitted into the ZnSe over-
layer. The collimated beam was ~1.5 mm in diameter
and had a fluence of ~5 mJ/cm?. This fluence yielded
a SHG signal on average of ~50 photons/laser pulse and
a signal-to-background ratio of ~100 in a 1000-pulse av-
erage. The background signal was measured by blocking
the laser beam. To attenuate the fundamental beam we
used a monochromator and spectral filters. A polarizer
was used to select the polarization state of the SF or SH
signal before the signal reached the monochromator. The
photomultipler tube output was measured and recorded
using a computer and gated electronics.

Since the SH intensity is proportional to the square of
the laser intensity, systematic and uncontrolled variations
in laser intensity must be compensated as a function of
frequency and time. To achieve this goal we measured
the SH or SF intensity in transmission through a y-cut
(i-e., the y axis is normal to the face of the crystal) wedge-
shaped quartz plate with an apex angle of 0.8°. We used
this signal to normalize the SH or SF intensity of the
sample. In contrast to z-cut quartz, a y-cut quartz does
not have any optical activity, and since xg-,)e of a quartz
crystal does not couple to the z direction of an electric
field, the birefringence property of a y-cut crystal does
not affect the SHG output.

At each frequency the sample signal was normalized
by the maximum SH or SF output of the reference. The
maximum signal was obtained by translating the quartz
wedge along a direction perpendicular to the laser beam
propagation vector. We note that, because of phase
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matching and interference, the transmitted SH and SF
intensity of the reference sample oscillates as a function
of the angle of incidence (Maker fringes'?) and the fun-
damental frequency. However, the mazimum value of
the fringes generated by a small-apex-angle wedge-shaped
quartz plate does not vary as a function of frequency.

To investigate the thickness dependence of the
SHG spectra we have measured the spectra of nine
ZnSe/GaAs(001) samples with different overlayer thick-
nesses. This method gives information about the depen-
dence of the SHG intensity on overlayer thickness at var-
ious photon energies and provided us with more informa-
tion about the spatial origin of various signals.

In the photomodulation SHG experiments we have
measured the intensity of the SHG signal as a func-
tion of fluence and wavelength of a photoexciting light
source. The sample was illuminated at normal incidence
by light derived from either a tungsten-lamp monochro-
mator source or an argon-ion laser, while the SHG ex-
periment was in progress. The intensity of the pho-
toexciting beam was ~10 uW/cm? and never exceeded
0.5 mW/cm?. Typically the sample was illuminated for
a period of ~2 min before it reached steady state. A
schematic and more details of the PSHG experiments are
given in Ref. 20.

III. RESULTS AND DISCUSSION

In this section we present the SHG and the SFG ex-
perimental results and describe the methods we used to
investigate the spectral and spatial origin of the signals.
GaAs and ZnSe are zinc blende crystals with 43m sym-

metry. They both have a single nonzero bulk second-

order susceptibility tensor element, x,(,,.z;)z,m'zz whose con-

tribution to the output radiation is highly anisotropic.
For the p-in/s-out polarization configuration, the bulk
SHG output intensity of ZnSe/GaAs(001) is proportional
to cos?(2¢), where ¢ is the angle between the [100] direc-
tion and the plane of incidence. The bulk SHG intensity
is proportional to sin®(2¢) for the p-in/p-out polariza-
tion configuration. The orientation dependence of our
SHG signal was reported in our earlier publication.?® We
see that by proper choice of beam polarization and sam-
ple orientation we preferentially suppress or enhance the
nonlinear bulk radiation generated by the nonzero x?;;’.
Hereafter when we refer to interface spectra we are re-
ferring to measurements performed using the p-in/p-out
polarization configuration at ¢ = 0. Bulk spectra refer
to measurements performed using the p-in/s-out polar-
ization configuration at ¢ = 0.

The interfacial and bulk SHG spectrum for samples of
thickness 215 A are shown as a function of upconverted
photon energy in Fig. 4. Since the thickness of this sam-
ple is less than the critical thickness, the overlayer is pseu-
domorphic and free of misfit dislocations. The interfacial
SH spectrum of this heterostructure exhibits sharp fea-
tures at 2.92 and 2.72 eV. These two features were not
observed directly in the bulk SH spectrum (Fig. 5).

The second-order susceptibility, and thus the second-
order nonlinear signals exhibit a resonance if the photon
energy of the input (fundamental) beam or output (up-
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FIG. 4. Typical interfacial SH spectrum of a ZnSe/
GaAs(001) heterostructure. The spectrum exhibits two sharp
features at 2.92 and 2.72 eV. Thickness of the overlayer is 215
A for this sample.

converted) beam match a transition energy in the sys-
tem. The first case is termed one-photon resonance and
the second case is a two-photon resonance. To identify
the type of resonance, one must perform SFG and SHG
experiments and compare the data as a function of one-
and two-photon energy. We have compared the SFG and
SHG spectra as a function of one- and two-photon en-
ergy for the sample with a 215 A overlayer thickness
in Fig. 6(a) and Fig. 6(b), respectively. It is evident
that both interfacial features in the SF and SH spectra
match, when the data are plotted as a function of two-
photon energy. Thus, the features at 2.72 and 2.92 eV are
two-photon resonances, and transitions with energy split-
tings of ~2.72 and ~2.92 eV are expected to exist in a
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FIG.5. Typical SH spectrum of a bulk ZnSe/GaAs(001) het-
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ple.
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ZnSe/GaAs heterostructure. The transitions are termed
virtual in this case because no population is transferred
between the terminal states.2* In order to obtain a better
understanding of the physical phenomena giving rise to
these transitions, their spatial and spectral origins must
be identified.

A. Spatial origin

1. Surface and higher-order bulk contributions

In addition to the buried interfacial nonlinear radia-
tion, the ZnSe front surface and ZnSe/GaAs(001) higher-
order bulk nonlinearities can also contribute to the SHG
and SFG interface signals in the p-in/p-out polarization
configuration and ¢ = 0 sample orientation. The higher-
order bulk nonlinear radiation arises through magnetic
dipole or electric quadrupole polarizations. It was not
possible to measure the front surface and bulk contribu-
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FIG. 6. Variation of SH (x) and SF (¢) intensity as a func-
tion of (a) one-photon energy and (b) two-photon energy. It
is clear that both features are two-photon resonances. Thick-
ness of the overlayer is 215 A.

YEGANEH, QI, CULVER, YODH, AND TAMARGO 49

tions using thick ZnSe samples (> 2um), because these
samples exceeded the critical thickness (~ 1500 A) of
the system and were no longer pseudomorphic. Conse-
quently, we undertook different experiments to investi-
gate these effects.

We modified the front surface by chemical etching to
check its contribution to the signal. We etched the sur-
face using a solution of NH4Cl in water (55 g/1) and
then a solution of HCI in water (1/3 by volume). Auger
electron spectroscopy and scanning electron microscopy
revealed that the front surface was roughened and chem-
ically modified. The SH spectrum of the sample, before
and after chemical etching, are shown in Fig. 7. There
is no detectable change in the signal.

In another experiment we sputtered the front surface
with an Art beam in a UHV chamber. The SHG spec-
trum remained qualitatively unchanged. These results
indicated that the interfacial SH signals were not very
sensitive to variation of the front surface.

The isotropic contribution of the higher-order bulk
nonlinearity, ¢ of ZnSe/GaAs(001) was detected by
a SHG experiment in the s-in/s-out polarization
configuration.?® Our data, shown in Fig. 8, indicate that
the higher-order bulk anisotropic contribution was below
the noise level of our system. We also have measured the
contribution of the linear combination of the anisotropic
higher-order bulk nonlinearity v and interface and sur-
face xf)” I in the s-in/p-out polarization configuration.
This contribution was ~40 times smaller than that of
the interface signal, seen in Fig. 8. In summary, it is evi-
dent that the observed interface resonance signal does not
originate from surface or higher-order bulk nonlinearity.

2. Thickness-dependent measurements

To further clarify the spatial origin of the signal and
understand the difference between the 2.72 and 2.92
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FIG. 7. Variation of SH intensity as a function of energy of
the 1028 A sample before (00) and after (*) chemical etching.
The chemical etching did not produce any detectable change
in the spectrum.
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eV resonance features, we have performed a series of
thickness-dependent measurements. These experiments
were motivated by the fact that signals with different
spatial origin behave differently as a function of the over-
layer thickness. To illustrate this fact we performed the
following experiments.

(a). Bulk SHG. We have reported that the SHG sig-

nals generated through the allowed x%“;) of the bulk
ZnSe/GaAs(001) sample oscillate as a function of the
overlayer thickness.?3 The oscillation is a simple nonlin-
ear optical interference effect which leads to the deter-
mination of the second-order susceptibility of the ZnSe
overlayer. The second-order susceptibility of ZnSe ex-
hibits a sharp feature at 2.67 eV. We have assigned the
feature to the Ey transition of the ZnSe bulk overlayer.
(b). Interfacial resonance at 2.92 eV. On the other
hand, the intensity of the interfacial resonance at 2.92
eV decreases almost exponentially as the thickness of the
ZnSe overlayer increases. This behavior suggests that
the signal is generated in the buried GaAs and decays
in the ZnSe overlayer. In this section we will describe a
simple model that can predict this thickness-dependent
behavior. In our model we will treat the ZnSe overlayer
as a linear medium, and we assume that the SHG signal
is generated at the buried interface or below the junction.
Consider the geometry shown in Fig. 9, where the

ZnSe/GaAs junction is at z = 0 and the air/ZnSe inter-
face is at z = d. d is the thickness of the ZnSe overlayer.
With the beam polarization parallel to the plane of inci-
dence (p polarization), it is straightforward to show that
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Here E(()zw) is the second-harmonic field, emerging from
the ZnSe side of the buried junction, but generated

in GaAs, and Et(::)l is the total second-harmonic field
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FIG. 9. (a) Simplified coordinates for the model that de-

scribes the spatial origin of the 2.92 eV resonance. (b) The
2.92 eV interfacial resonance as a function of overlayer thick-
ness. The solid line is the prediction of the model described
in the text.
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emerging from the sample. n; (n;) is the complex index
of refraction of ZnSe (GaAs), and all angles are shown in
Fig. 9(a). Equation (1) reduces to a closed form
Ep _ _ tige?
Eéz“’) 1 —riorizei®s’

(7)

For small reflectivity Eq. (7) reduces to a purely expo-
nential form. The effect of the multiple reflection is to
mix the exponential decay with an oscillation. The in-
tensity of Ef:;)l along with the experimental results is
displayed as a function of thickness in Fig. 9(b). The

theoretical curve for Et(::;), was generated using the fol-

lowing parameters:26:27

ny = 2.847 4 0.1451

ng = 4.682 + 1,933,’} at A\ = 425 nm.

The angle g is 75° and all other angles were found us-
ing Snell’s law. The only adjustable parameter in this
computation is the amplitude of the intensity at d = 0.
The theoretical calculation matches the second-harmonic
intensity at 2.92 eV within the experimental accuracy.
This agreement suggests that the spatial origin of the
interfacial resonance at 2.92 eV is in GaAs. Since the
energy of this feature is consistent with the E; transition
of GaAs,?® we have assigned it to this transition.

(c). Interfacial resonance at 2.72 eV. The thickness-
dependent behavior of the 2.72 eV resonance is more
complicated than either of the two cases presented above.
The SHG intensity as a function of overlayer thickness-is
displayed in Fig. 10. The solid line is the prediction of
the thickness-dependent intensity based on a model sim-
ilar to the bulk, where the susceptibility was assumed to
be uniform through the overlayer and GaAs was taken as
a linear medium. The experimental results do not agree
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FIG. 10. Thickness dependence of the 2.72 eV interfacial
resonance. The solid line is the prediction of the thickness-
dependent intensity based on a model similar to the bulk,
where the susceptibility is assumed to be uniform through
the overlayer. The dotted line is the result of the calculation
based on the model which takes x(?) as position dependent.
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with the calculations. A close inspection of the data also
reveals that the thickness-dependent behavior cannot be
explained by the simple exponential model described in
Sec. IIT A 2b (see Fig. 10).

In another model we assumed that the susceptibility
has its maximum value at the interface and decays expo-
nentially with distance from the junction. The motiva-
tion for this model was described in Ref. 23. The result
of this calculation is shown by a dotted line in Fig. 10.
Even though this result is closer to the experimental re-
sults than the previous model, it still does not describe
the dependence of the 2.72 eV resonance as a function
of the overlayer thickness. The failure of these models
to accurately predict this thickness dependence indicates
that the interface signals at 2.92 eV and 2.72 eV, and the
bulk signals have different spatial origins and are, most
likely, intrinsically different.

B. Spectral origin

We will now discuss the spectral origin of the 2.72
eV interfacial resonance. In our ZnSe/GaAs(001) sys-
tem, resonant electronic states with energy higher than
the conduction band of ZnSe exist in the quantum well.
Thus, crossover optical transitions can occur between the
valence band of ZnSe and the resonance states of the
interfacial quantum well. The SHG feature at 2.72 eV
corresponds to a virtual?* crossover transition between
the interfacial quantum well state and the ZnSe valence
band. A crossover excitation??3! is a transition between
two states whose density of states (DOS) is provided by
two spatially separated materials. This kind of transition
can arise when the wave functions of the terminal states
extend beyond the interface. Then the states can be di-
rectly coupled by photoexcitation. Ultrasensitive elec-
trolyte electroreflectance (EER) measurements in doped
ZnSe/GaAs systems have independently revealed the ex-
istence of a crossover transition.'® This transition was al-
ways blueshifted by 40-60 meV with respect to the ZnSe
E, transition and appears as a weak structure on the
shoulder of the ZnSe E, peak.!® In contrast to the EER
measurements, the crossover SH resonance is a virtual
transition, has nearly zero background, and possesses a

nonlinearity that is comparable in magnitude to the bulk

X:(:Zy)z .

In this section we will first show that the deformation
potential is not responsible for the generation of the in-
terfacial feature at 2.72 eV. Then, we present the PSHG
experimental results which further establish the relation
between the 2.72 eV resonance and the interfacial quan-
tum well.

1. The effect of the deformation potential

The ZnSe/GaAs(001) system contains a small lattice
mismatch that produces a deformation potential within
the heterostructure. This deformation potential intro-
duces a tetragonal distortion of the ZnSe unit cell and
gives rise to a biaxial compressive strain in the layer.
As a result, the fourfold-degenerate valence band of the
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U

E(1)

FIG. 11. Optical transitions and band splitting caused by
the deformation potential near the center of the Brillouin
zone.

J=3/2
m m =3/2,1/2
/\ -3/2,-1/2

J=1/2
m,=1/2,-1/2

ZnSe, I's, splits into two twofold-degenerate bands.3? The
conduction bands, I'¢ and I'7, cannot split, but they can
shift in energy. The optical transitions and band splitting
of the system are shown in Fig. 11. This mechanism will
change the optical band gap of the overlayer. Under these
conditions it is essential to investigate the effect of the
deformatlon potential on the SHG signal. The deduced
x,y, from the bulk of the ZnSe overlayer is shown, along
with the interface SH intensity data in Fig. 12. The bulk
resonance at 2.67 eV, corresponding to the E, transition,
is shifted by ~50 meV with respect to the interface fea-
ture. It is natural to ask if the SHG signal at 2.72 eV
is the bulklike signal localized near the interface with a
shift in energy resulting from the deformation potential.
To answer this question we have computed the shift in
band-gap energy of ZnSe as a function of the strain in

400

SHG intensity (arb. units)
)
8

(nse _ou) x|

two photon energy (ev)

FIG. 12. Deduced x(fy), of the bulk of the ZnSe overlayer (0OJ)
is compared with the interface SH spectrum (). The solid
lines are only a guide for the eye.
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Appendix A. The measured energy shift is ~ 4 times
too large to be attributed to the measured strain in the
system. Therefore it is unlikely that the deformation po-
tential is responsible for the shift between the bulk and
interface features.

2. Effect of the photomodulation light
on the interfacial SH resonance

In this section we will discuss the PSHG experiments
which were used to confirm the origin of the SH interfacial
resonance at 2.72 eV. The underlying mechanism of the
PSHG technique can be described as follows. The photo-
generating light beam, with photon energy greater than
the band gap of the system, produces electron-hole pairs.
Some of these free carriers move toward the junction and
are captured by the interfacial trap centers, thereby al-
tering the interface charge density. The new interface
charge will modify the band bending, and perturb the
states associated with the quantum well. The interfa-
cial trapped holes decrease the interface negative charge
and decrease (increase) the band bending on the ZnSe
(GaAs) side of the junction. This delocalizes the quan-
tum well wave function and reduces its relative amplitude
within the well and depletion region. The amplitude of
the valence band wave function also is reduced within the
depletion region of ZnSe overlayer. The decrease in am-
plitude causes a reduction in the oscillator strength for
the transition between the valence band and the quantum
well state. Alternatively, interfacial trapped electrons in-
crease the SHG signal.?®

We have displayed the variation of the interface and
bulk signals as a function of lamp intensity using a fixed
lamp photon energy of 3.0 eV in Fig. 13. The bulk and
the 2.92 eV interface resonance changed by less than 3%,
even at the highest lamp powers. In contrast, the 2.72
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FIG. 13. Normalized variation of the SHG intensity for the
interface at 2.72 eV (x) and 2.92 eV (A), and the bulk at

2.67 eV (<) as a function of the lamp intensity transmitted
into the sample at a fixed lamp photon energy of 3.0 eV.
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eV interface resonance exhibited a marked decrease in
intensity at very low lamp powers. The photomodula-
tion SHG measurements thus lead us to conclude that
the two interface resonances at 2.72 eV and 2.92 eV are
intrinsically different. This corroborates our earlier as-
signment of the 2.92 eV resonance to the E; transition
of buried GaAs. The photoezcitation was not observed to
significantly affect any bulk signal.

The results of PSHG cannot be explained by the opti-
cal pumping of electrons into the quantum well resonance
state. Our PSHG data as a function of lamp photon en-
ergy, described in Ref. 20, indicate that the maximum
rate of change of the SHG intensity occurs at the ZnSe
optical band-gap energy of 2.67 eV rather than at 2.72
eV. This fact, along with the observed increase of SHG
intensity as a result of 2.4 eV carrier-exciting photons,
does not support the optical pumping mechanism.2°

C. Microscopic model of the nonlinear process

We have established that the interfacial SHG resonance
at 2.72 eV resulted from a virtual coupling between the
ZnSe valence band and the resonance state of the quan-
tum well. However, there are still some interesting prob-
lems that remain unsolved quantitatively. For example,
what role is played by other bound states in the quantum
well, how are the states perturbed by photomodulation,
and what type of SH process (i.e., two- or three-level pro-
cesses) is contributing to the signal. We have constructed
a simple theoretical model to study the role of electronic
energy levels in the quantum well. This model provides a
microscopic picture of the entire process and enables us
to quantitatively address the problems above. The com-
putation is based on integration of the one-dimensional
Schrodinger equation for the quantum well potential at
J

@ _ _n¢ (glraln’) ('] r1m) (nralg)
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TABLE I. Energy levels in the quantum well. Energies
are measured relative to the conduction band of ZnSe.

Energy level Energy (above the ZnSe conduction band)

€o 18 meV
€1 28 meV
= 54 meV
€3 88 meV
= 124 meV
€s 159 meV

the heterointerface. The details of this calculation are
described in Appendix B. The results and implications
of the calculation are given in this section.

Wave functions of the first three eigenstates of Eq.
(B4) for a sample with an overlayer thickness of 215 A
are shown in Fig. 1, along with the band profile of this
system. It should be noted that the well does not have
any bound states, but carries six distinct resonance states
above the conduction band of ZnSe. The energy levels of
these states are given in Table I.

To identify the resonance state that is responsible for
the observed peak at 2.72 eV we must calculate the dipole
moment between the valence band state and the quantum
well states. This requires knowledge of the wave function
of the valence band and we have calculated this wave
function in a similar manner (see Fig. 1). The energy of
the resultant valence band wave function is equal to the
highest value possible within the valence band potential.

The second-order optical susceptibility contains three
interband transitions in the three-level SHG process.
These transitions, depicted in Fig. 14(a), appear in the
numerato(r of the expression for the second-order suscep-

2

tibility, x;75 i-e-.,

Xijk =
g,n,n!

where (g| is the ground state, and (n| and (n'| are two
excited states. In the ZnSe/GaAs(001) system the inter-
facial SHG resonance at 2.72 eV probably arises through

X‘(Zzzu;).zo Thus all the matrix elements in Eq. (8) must
be determined for i = j = k = z, where the z axis is
normal to the interface. We have computed the matrix
elements of the dipole moment operator using calculated
wave functions of the conduction band and the valence
band. The result is shown in Fig. 15(a). Our results
indicate that the strongest transition dipole occurs be-
tween the valence band and the third energy level of the
well. The SHG signal is proportional to the square of the
matrix element of the dipole moment calculated above.
This quantity is displayed in Fig. 15(b) for various en-
ergy levels of the quantum well. It is evident that the
transition between the valence band and the third reso-
nance state of the quantum well generates the strongest
second-harmonic signal in the three-level SHG process,
where the other excited state is another conduction band

K2 (2w — wng + ilpg) (w — wprg + ilprg)

state.

A second-order susceptibility can also involve an in-
traband transition. In this case the usual three-level
process, shown in Fig. 14(a) reduces to a two-level pro-
cess [see Fig. 14(b)] and the product of the matrix el-
ement (g|r;|n'){n'|rjIn)(n|rk|g) in Eq. (8) is replaced
by |(n|z|g)|?(pg — tex). Here pg and pey are the per-
manent dipole moments of the ground state and excited
state of the system, respectively. This type of process
was suggested by Burstein, Pajer, and Pinczuk,??® and
used to explain the second-order nonlinear spectrum of
Cu(110).3%35 Since the symmetry of the system near the
junction in the direction normal to the heterointerface
of the ZnSe/GaAs(001) is broken by band bending, the
intraband transition is an allowed transition within the
quantum well states. Therefore, a two-level SHG process
at the interface of ZnSe/GaAs(001) can also occur. The
first step of this process is an interband transition from
the valence band of the ZnSe to the resonance state of the
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quantum well. An intraband transition in the resonance
state of the well is the second step, and the last step is an
interband transition from the quantum well state back to
the valence band.

Now we assume that the SHG process, responsible for
the interfacial resonance at 2.72 eV, is a two-level process.
We must calculate the relative oscillator strength of the
signal for each quantum well state, namely

{|<¢vlz|¢well>|2(l‘g - ﬂex)}zv (9)
where

o = (Bul2164) (10)
and

Hex = (¢well|z|¢well>~ (11)

Here (¢y| and (¢wen| are the wave functions of the va-
lence band and the interfacial quantum well, respectively.
The difference between these two permanent dipole mo-
ments, which we shall refer to as the permanent dipole
moment of the system, is shown in Fig. 16(a) for each
state in the well. The relative SHG intensity in a two-
level process for various quantum well states is displayed

(a)

Higher energy conduction
band: |n)

ST

Resonance state of the
quantum well: |n )

2nSe valence band: |0 >

Three level process

Resonance state of th}a
quantum well: |n ), | n>»

Znse valence band: |§ )

Two level process

FIG. 14. (a) Possible three-level process in the ZnSe/GaAs
heterointerface. (b) Two-level process in the ZnSe/GaAs het-
erointerface.
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in Fig. 16(b). It is clear that the third energy level in the
quantum well is the strongest contributor to the SHG
signal. This level is about 50 meV above the conduc-
tion band of ZnSe and is in good agreement with ex-
perimental results. The permanent dipole moment of
the system, shown in Fig. 16(a), is at least an order of
magnitude greater than the transition dipole moment be-
tween the valence band and the interfacial quantum well
states (Fig. 15). Based on this comparison we speculate
that the permanent dipole moment is still stronger than
any transition dipole moment involving the quantum well
states and other conduction band states. Thus, the prod-
uct of the matrix elements involved in the two-level SHG
process is greater than the product of the matrix elements
involved in the three-level process, and the second-order
susceptibility in the two-level process is stronger than the
second-order susceptibility in the three-level process.3®
This picture suggests that the interfacial resonance at
2.72 €V is a result of a two-level SHG process.
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FIG. 15. (a) Calculated matrix element of the dipole mo-
ment as a function of the energy for the interfacial quantum
well. It is clear that the third energy level generated the
strongest matrix element. (b) Square of the calculated ma-
trix element.
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FIG. 16. (a) Calculated permanent dipole moment of the
system, pg — ftex, as a function of the energy level in the
interfacial quantum well. (b) Relative strength of the SH
signal as a function of energy in the two-level process.

IV. CONCLUSION

We have used second-harmonic and sum-frequency
spectroscopy to probe the electronic structure of the in-
terface and bulk of ZnSe/GaAs(001) heterostructures.
We were able to separate the bulk and interface con-
tributions by proper choice of polarization and sample
orientation. The interface of ZnSe/GaAs(001) systems
exhibited strong SH and SF resonances at 2.92 and 2.72
eV. The 2.92 eV resonance was assigned to the F; tran-
sition of buried GaAs. The spectral feature at 2.72 eV
was produced as a result of virtual coupling between the
ZnSe valence band and a resonance state of a quantum
well located across the junction in the GaAs conduction
band. The interfacial quantum well was brought about
by interdiffusion of Zn into GaAs and Ga into ZnSe dur-
ing sample growth.

Linear photomodulation and second-harmonic genera-
tion were combined as a method to investigate solid-solid
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interfaces. Using this technique, we have studied the ef-
fect of the band flattening on the interfacial resonance
at 2.72 eV. The sensitivity of the resonance to the vari-
ation of the band profile near the junction confirms that
the signal is from coupling to the resonance state of the
quantum well.

A microscopic calculation of the effect indicates that
the most probable mechanism for the resonance arises be-
tween the valence band and the third resonance state of
the quantum well. The same computation also suggested
that the nonlinear process involves an intraband transi-
tion within the quantum well resonance. This process
involves only two energy levels.
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APPENDIX A: ENERGY SHIFT
BY DEFORMATION POTENTIAL

We start the computation with the orbital-strain per-
turbation Hamiltonian H for tetragonal symmetries in-
troduced by Pikus and Bir,37

H.=—a(€ze + €yy + €22)

—3b[(L2 — 1L?)ezq + c.p.], (A1)

where ¢;; represents the components of the strain tensor
and L is the angular-momentum operator. “c.p.” de-
notes cyclic permutation with respect to the indices z, y,
and z. The parameters a and b are the hydrostatic and
shear potential, respectively. For biaxial stress parallel
to the [100] and [010] directions, the strain tensor is

—€ 0 0
€= ( 0 —e 0 ) ,
0 0 26012 / C 11
where C;; stands for the elastic stiffness of the ZnSe over-
layer. This reduces the Hamiltonian to

012 2012 2 1 2
— A + L — 3L°).
H, = 2ace (1 11) 3be (1 Cry ) (L; —3L%)

(A2)

(A3)

Gavini and Cardona3® calculated the eigenvalue of this
strain Hamiltonian using the unperturbed wave functions
of the valence and conduction bands in zinc blende mate-
rials. Their perturbation calculations predict an energy
shift between the valence band and the conduction band
at the center of the Brillouin zone. These energy shifts
are
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[ Cin - C12) (Cu + 2012)]
AEy(1)=|-2a| ———= ) +b| ———— )| ¢,
o(l) = | ~2a ( Cn n
(A4)
[ Ci — C12) (Cu + 2C12>]
AEy2)=|-2a ———= ) —b| —————= )| ¢,
0(2) = |2 ( n Cn
(A5)
and
A(Eo + Ao) = —2a (%) €, (A6)
11

where AFEy(1), AEy(2), and A(Ep + Ag) are the energy
shifts between the valence bands and conduction band
(see Fig. 11). Taking Cy; = 0.826 x 10°® kg/cm?, Cyz =
0.498 x 108 kg/cm?, a = —4.25 eV, b = —0.40 eV, and
€ = 3.0 x 103,39 we deduce the energy shifts to be

AFEy(1) = 7.0 meV,
AFy(2) = 13.0 meV,

and
A(Eo -+ Ao) =10.0 meV.

Thus the measured energy shift between the interface
and bulk susceptibilities is ~ 4 times too large to be
attributed to the strain-induced shift.

APPENDIX B: ELECTRONIC ENERGY LEVELS
IN THE INTERFACIAL QUANTUM WELL

Electronic motion is governed by the Schrédinger
equation?®

=5 V—=V(r) + V(r)d(r) = ey(r). (B1)

R 1
2 m(r)

If an electron is free in the plane parallel to the interface
(i.e., the zy plane), the potential is

V(r) = V(2), (B2)

where z is zero at the surface of the ZnSe and is equal to
d at the interface. This leads to a wave function of the
form

B(r) = ﬁei‘m%%(z), (B3)

where A is the sample area. With k, = k, = 0 Eq. (B1)
reduces to

_?_é_z_mh(ggz—qs(z) +V(2)¢(2) = e¢(2), (B4)

with
_ [mzpse ifz< d;
m(z) - {mGaAs if z> d (B5)
The continuity condition states that ¢(z) and

[1/m(2)][0¢(2)/Oz] must be continuous at the junction
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of ZnSe and GaAs.*! We rewrite Eq. (B4) in a dimen-
sionless form for each side of the junction,

8%4(¢)

sr = (e = u)m.d(0), (B6)
with
—z— =10 X ap where ag = 0.529 A,
(B7)

_ . om 2 _ K2

Mo = Tom,> 204 Rvao =50,
and also

€

o= mR,, % = mAR, where mR, = 13.605 meV.
We solved this dimensionless Schrodinger equation nu-
merically for the potential V(z), depicted in Fig. 1.42
The potential was derived as follows. The value &(2) =
—V (z)/e is the outcome of Poisson’s equation for interfa-
cial charge distribution. Kassel et al.'® showed that the
charge distribution at the interface can be described by
a Gaussian function. In ZnSe, the charge distribution is

_ eNzgse (z — d)?
p(2)Znse = S exp ( >z ) (B8)

A similar charge distribution is written for the GaAs side

of the junction,
—e.ZV(;,,As (Z - d)z)
§ = —F— ex —_—— y B9

P(z)GaA /\Zn\/—z—; P ( 2’\%n ( )

where N is the number density of the charge and A is the
diffusion length. To solve Poisson’s equation,

Ve =2y, (B10)

we use two boundary conditions on each side of the junc-
tion, namely (I)junction-ZnSe and Pgyrface-znse for the ZnSe
side, and ®jynction-Gaas and Phyik-cass for the GaAs side.
Then we solve Eq. (B10) numerically. In this numerical
method we have divided the distance coordinate z into a
“mesh” of small segments of equal width §z. Following
the conventional form for the parameters at the jth mesh
point

TABLE II. Parameters used for band-profile calculations
Parameter Value of the parameter

Nga 8.5 x10'% cm™2

Nz, 5.1 x10'% ¢cm™2

Aga 4 nm

Azn 10 nm

QZnSe surface 100 meV

QZnSe interface 180 meV

QGaAs interface 370 meV
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z = zj = joz,
®(z) = ®(z;) = 9;,
p(2) = p(z;) = ps,
we can calculate ®;; as a function of ®; and ®;_,, i.e,,
Dj1 =28 — 1 — pj, (B11)

where ®; is the value of ® at the jth mesh point and p’
is (82)?p/e with mesh size §z. If we start the calculation
from the surface of the ZnSe (j = 0), then we need to
know the value of ®;. One can show that
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®; =701 — (j— 1)@ — [ — ey

+( = 2)pp + -+ Pl (B12)

This gives the value of ®; as a function of two boundary
conditions ®, and ®,;, that is

@1 ={®nm + (M - 1)@ + [(M - 1)p; +---]}/M,
(B13)

where M defines the last mesh point. The potential
V = —e® for the valence band and the conduction band
are shown in Fig. 1. The parameters used for this com-
putation are tabulated in Table II.
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