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The nonlinear optical properties of an electrified GaN film in contact with an electrolytic solution were
investigated using second-harmoi®H) generation. For SH photon energies near the fundamental absorption
edge, a strong two-photon resonance was observed in the reflected SH signal when a surface dc electric field
in the range of 110-575 kV/cm was applied to the GaN/electrolyte interface. The resonance was attributed to
electric-field-induced SHEFISH) generation, a third-order nonlinear response that generates a signal intensity
that is quadradically dependent on the dc field in the film. The width of the EFISH resonanceEgtdtiical
point was much narrower than the dispersion of the intrindf nonlinearity but comparable to the linear
electroreflectance response;(= w,,) in the band-edge region. The nonlinear results from GaN demonstrate
the potential of the @ response for spectroscopic examination of critical points in the band structure of
semiconductors. In addition to the spectral analysis, a fixed-frequency EFISH measurement at the peak of the
resonanc€3.43 e\j determined the magnitude of the third-order nonlineaﬁ%i(—Zw;w,w,O), to be 5.3
X107 ¥ m2)v2,

[. INTRODUCTION diation in either centrosymmetric or noncentrosymmetric
media. The EFISH susceptibility is similar to
x®)(—w;w,0,0) since it can be enhanced near electronic

- ) . . transitions such as critical point resonances in the JDOS of

The ability of an applied dc field to perturb the optical semiconductors. In fact, EFISH has been used as a spectro-
properties of semiconductors has been the underlying basitopic probe in many organic systefig? and has recently
of many forms of optical spectroscopy since the discovery oproved useful in the analysis of one-dimensional excitons in
the electroreflectand&R) effect nearly 30 years agoCon-  thin films of linear-Si-chain compounds Also, the disper-
siderable amounts of information regarding the electronicsive nature of the dc-field-inducedw2response has been
band structure of semiconductors can be obtained from thedbeoretically examined for semiconductor quantum-well
analytical techniques since field-induced perturbations artructures?’~*® but previous experimental studies of bulk
resonantly enhanced near critical point energies in the joinfaterial have been limited to single-wavelength
density of state6JDOS.23 Although the dielectric variations investigations’:**-
Ae(w) are generally on the order 18 of the unperturbed In this paper, we shall show that t_he EFISH response from
function, modulation procedures have little difficulty obsery- & moderately dopedi-type GaN film is resonantly enhanced
ing their subsequent effect on the lineas, (= w,,) reflec- when the photon energy of the SH field is tuned through the

: : : : : d direct fundamental absorption edgéEy( critical poind).
tive or absorptive properties of the illuminated matetial. 0 .

An aspect of linear ER that has been recognized since thg‘gaéon%%unst ;cl) H;Ia :t?z svf;escts a;cftrrzﬂueggngéz (;(t:'?heﬁld'
work of Aspnes in the early 1970s is the ability to treat the P g P y 0

induced effect as a third-order nonlinear phenomena pro(_:r|t|c:al point with a magnitude that exceeded the intrinsic

. : . . - . Second-order nonlinearity when a field on the order of 10
vided the applied dc field is sufficiently wefk®As a third- viem was applied to thg GaN surface. The EFISH signal

order response, the process involves the coupling of two dgypipited a quadratic dependence to the depletion-layer field
fields and one optical field with the third-order susceptibility, jn the range between the flatband value up to 490 kV/cm.
x¥(—;©,0,0). This mixing process induces a nonlinearThis behavior has been observed in previous fixed-frequency
electric polarization at the same frequency of the incidensH measurements by @t al?° on n-type GaA$001) in air
optical source which generates a variation in the linear diand Lantz and Cof} on n-type TiO, in an aqueous solution.
electric function,e(w). Another dc-field-dependent third- In the present investigation, the resonant nature of the EFISH
order nonlinear phenomena that occurs in semiconductorgsponse illustrated the ability of field-induced SH as a spec-
is  electric-field-induced  second-harmonic (EFISH  troscopic probe of critical points in semiconductors. In addi-
generatior’™! This nonlinear process couples two optical tion to the spectroscopic investigations, a fixed-frequency,
fields of frequencyw with one dc field so as to generate a variable dc-field analysis of the EFISH signal at the band
second-harmoni¢SH) polarization that is linearly dependent edge determined a field-induced SH nonlinear susceptibility
on the applied dc field. Unlike second-order Hhe EFISH  of 7.0x 10~ m/V at an applied dc field of 440 kv/cm, a
response arises from a third-order susceptibilityvalue that is five times larger than the intrinsic value of
x®(-2,0,0,0,0), which permits the generation ofu2ra-  y® in the bulk materiaf®
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II. EXPERIMENT

The details regarding the metal-organic chemical-vapor
deposition (MOCVD) of epitaxial GaN on sapphire have
been previously discussétiBriefly, thin film samples were
grown in a vertical spinning-disc MOCVD reactor operating
at a pressure of 70 Torr. Source materials for film growth
were trimethyl gallium and ammonia with nitrogen as the Electrolyte

. N . . Solution
carrier gas. Before initiating continuous film growth at
1050 °C, a GaN nucleation layer 6f450 A was predepos-
ited on a 600 °C substrate by exposing the surface to the

Hredox

source materials for 50 s. During epitaxial growth, the V@) (b)
samples were doped with silicdBiH ) so as to yield carrier

concentrations in the low 16to mid 132 cm™2 range. The

single-crystal film was oriented with th@®0.1) surface par- 0 >z

allel to the(00.1) surface of the substrate. In addition, a 30°

azimuthal rotation of the GaN layer with respect to the un-

derlying sapphire substrate was verified by x-ray diffraction.
A dc field was applied to the GaN sample by placing the

semiconductor film in contact with a HCI aqueous solution. E) (c)

The dc potential difference and field strength in the GaN *

depletion layer were controlled with a standard potentiostat

in a three-electrode quartz cell using a Pt counter electrode

and a saturated calomel reference electr(®€E. An in-

dium solder, low-resistance Ohmic contact was made to the

front surface of the GaN film and subsequently covered with

an epoxy cement to prevent contamination of the cell solu-

tion. The surface area of the GaN electrode exposed to the

electrolyte solution was approximately 0.1 8nThe sample FIG. 1. (8 Equilibrium energy band diagram for an

was cleaned in a hot, sulfuric and nitric acid aqueous SO|u¢_alectroly_te/GaN interface. Upo_n contact, and electro_n transfer from

tion for 10 min, rinsed with singly distilled and deionized the semiconductor to the solution equates the Fermi enEjgyof

water, and placed in a ML HCI solution. In performing ac € GaN and the chemical potential of the Solutipflegox. This

current measurements, a 3-kHz, 10-mV rms ac voltage wa¥ates a diffusion barriets, , and a depletion layer in the semi-

superimposed on the dc applied potential. The ac componefpnductor(shaded region (b) The electrostatic potential an)

of the current was analyzed with a two-phase lock-in ampli_fleld as a function of distance into the depletion layer.

fier (EG&G 52086. In both dc and ac current measurements, ) ) )

the dc applied potential was swept at a rate of 50 myv/drormalized to a SH spectrum from a nonlinear optical stan-

between the anodic and cathodic limits. The relatively highdard material(quart. The harmonic nature of the sample
conductivity in the solution phase and undepleted region ofignal was verified by demonstrating its quadratic depen-
the semiconductor assured that potential drops in these ré€nce to the incident light intensity.
spective regions were negligible when compared to the de- Differential reflectance measurements at were per-
pleted region of the semiconduct8PAs such, the potential formed using a standard linear optical arrangemefit. In
drop across the depletion layer was equated to the applid€Se experimentg-polarized light from a xenon lamp was
potential difference between the indium contact on the semitransmitted through a monochromator and focused onto the
conductor and the reference electrode in the solution. GaN/electrolyte interface at an angle of 45°. The electric
The nanosecond pulse, tunable dye laser source used fBld in the depletion layer was modulated between the flat-
the SH measurements, has been previously described in tfgnd(zero field and a reverse bias condition by superimpos-
literature?” S-polarized laser radiation was incident at aniNg an ac square-wave voltagg20 H2 on the dc potential.
angle of 45° to the GaN/electrolyte interface so as to genefAfter detection with a PMT, the ac component of the re-
ate a specularly reflectegtpolarized SH signal. Typical in- f!ected light was analyzed with the tyvo-phase lock-in ampli-
cident power densities at the GaN surface were kept below fier and normalized to the zero dc field reflectance.
MW/cm? so as to minimize sub-band-gap photocarrier gen-
eration from possible deep-level traps in the GaN saffple. | ¢ FcTROCHEMICAL RESULTS AND DISCUSSION
Under these incident conditions, the SH conversion effi-
ciency at the absorption band edge was observed to produce Characterization of the dc field in the GaN sample re-
~10%-10 photons/pulse. At this fluence level, the resultantquired a number of ac and dc electrochemical measurements
screening of the dc field in the depletion layer from photo-prior to the SH reflectance studies. After placing the GaN in
generated electron-hole pai@ssuming a 1:1 SH photon to the solution in an open circuit configuration, equilibrium was
photocarrier ratip was determined to be minimal. The re- established at the interface by an electron transfer from the
flected intensity at @ was detected with a high-gain photo- n-type GaN to the electrolyte. As is shown in Figall the
multiplier tube(PMT), analyzed with a gated integrator, and chemical potential of the acidic solution, defined as the
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mined from a Mott-SchottkyMS) analysis of ac impedance

~ ¢ : measurements:?%3* Figure 2b) shows the MS datésolid

E  0Fren @ 3 circles, capacitance® versus applied potential, for the
< g W ] n-type GaN sample. In the evaluation, the
% 10 ] electrolyte/semiconductor interface was modeled as an elec-
5 a0k 1 trical circuit composed of a resistésolution and capacitor

f;’ 2 (depletion layer in a series combination, a representation
2 ] that has been wused in previous electrochemical
£ a0 f 3 investigation€® Using the assumption of an ideal Schottky
3 i ] barrier at the liquid/solid junction, the equation for
% 0 capacitance® of the depletion-layer region3%*

& : b 2 kT

E 6 @) CZ:m(Vbias—Vfb— F) @

‘—2 4 : A‘.-"'f ] whereVy,,sis the externally applied potentidly, is the flat-

= : ,«“"“A : band potentialN is the carrier concentratioss is the static

§ 3E o ] dielectric constanfGaN has a value o£,=9 (Ref. 48],

£ 2t .v"/ ] gg is the dielectric permittivity constanC is the space-

§ i )‘.,.-"’ ] charge capacitance per unit aréajs the Boltzmann con-

S ] stant, T is the temperature, angl is the electronic charge.

= of ] The solution component of the interfacial capacitance
-1.0 0.125 125 2.375 35 (Helmholtz and Gouy capacitanickas been ignored in this

Applied Potential (Volts vs. SCE) analysis since it was two orders of magnitude larger than the

corresponding value in the depletion layer. The series com-
FIG. 2. (a) dc current versus applied potential scan of GaN inbination of the solution and semiconductor capacitance as-
0.1M HCI solution. Potentials positive of0.75 V represent a sured that the smaller of these two components would dictate
reverse-biased GaN/electrolyte interface. At a potential that is negdhe behavior of the total interfacial capacitance. The MS data
tive of this value, H evolution occurs. Arrows indicate the direc- was fitted to the expression in E¢L) (solid line) which
tion of the potential scar(b) Mott-Schottky plot for a GaN epitax- determined a value of 3010 cm~2 and —0.79 V for
ial sample in 0.M HCI aqueous solution. Solid line is a linear fit to Ng and Vy,, respectively, at room temperature. This latter
the experimental datesolid circles. value was in good agreement with the potential associated
with the onset of a forward bias currefftatband potential
Y. _0.75 V, Fig. Za)]. No variation in the values dfly and
Vi, were observed in th€-V measurements for modulation
frequencies up to 30 kHz.
The electrostatic field in the depleted layer was deter-
ined by solving Poisson’s equatithand using the values
of Ny andVy, from the MS measurement

H,/ H* redox potential, was equated with the Fermi energ

in the semiconductor after the charge tran&fégquilibrium

at the interface resulted in a diffusion barriep) and a

depleted carrier regiofshaded areawhich was character-

ized by conduction- and valence-band bending. Employin

the Schottky approximation to the charge density in the Ga

depletion layef® the dc potential and field in this space-

charge region were assumed to exhibit a quadratic and linear \

decrease, respectively, with distance into the sanipée _ ONy

Figs. Xb) and X0)]. Bo(2)= 5. 2%l (23
Modulation of the band-bending, barrier height, and

depletion-layer thickness was accomplished by varying th§ynhere

potential difference between the bulk regions of the solution

and the GaN sample. This procedure shifted the position of

the redox potential relative to the Fermi level so as to in- Zd:(

creasereverse biasor decreasé¢forward) the barrier height

at the interface. Figure(@ shows the dc current density

versus applied potential for the GaN/electrolyte interface asn these two expressionEg(z) is the electrostatic fieldz is

the applied potential was swept betweerd.00 and+2.75  the distance into the GaN sample, angdis the depletion-

V. We note that in all measurements, the applied potentialayer thickness. For the SH measurements, the magnitude of

was defined as the potential of the GaN sample relative to théhe dc field at the surfacez€0) was determined to range

SCE reference electrode. At a potential negative-6f75V,  between 110 and 576 kV/cm for the reverse bias potential

defined as the flatband potential, a forward biased dc curremainge of+ 0.1 to +2.75 V (relative to the flatband valyeln

was observed in the GaN sample which evolveg & the  this same range of potentials, the width of the depletion layer

GaN surface. At potentials positive 6f0.75 V (reverse was calculated to vary between 0.02 and Q. In all SH

biag, the current density was below the detectable limits ofmeasurements, the semiconductor was kept at a reverse bias

our potentiostatic amplifier<0.01 wA/cm?). potential in order to minimize hydrogen evolution at the GaN
The dopant concentration and surface dc field were detesurface.

2gpgg
Ny

T 1/2
} (2b)

bias™ Vib—
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FIG. 4. Reflected SH intensity from an electrolyte/GaN interface
as a function of the SH photon energy. The number to the right of
each spectrum is the value of the dc field at the GaN surface in

FIG. 3. Reflected SH intensity from an electrolyte/GaN interfacekV/cm. The positionsA-D are the photon energies used for the
as a function of the SH photon energy. The dashed line represen¥@riable dc-field measurements in Fig. 6.
the position of the band edge in the unbiased sample. The number to
the right of each spectrum is the value of the dc field at the GaN€lative to the flatband value, corresponding to a surface dc
surface in kv/cm. The spectra in the inset shows the SF intensitfield of 134 kV/cm, the EFISH contribution was character-
from the same GaN sample recorded using a fixed 532-nm antzed by a single resonance at 3.43 eV with a linewidth value
tunable IR sourcésee texkt of ~50 meV. The resonance increased monotonically in am-
plitude as the surface field was increased to 257 kV/cm with
a slight decrease in energy positi®41 e\) and a broad-
ening in the linewidth. Below the band edge, a significant

The spectra in Figs. 3 and 4 show the effects of thechange in the spectral profile was manifested by a reduction
depletion-layer dc field on the SH reflected intensity from ain the number of interference peaks from two to one as the
GaN/electrolyte interface. The dashed vertical line in bothsurface field was increased to 173 kV/cm. The field-
graphs denotes the position of the fundamental absorptiodependent behavior shown in Fig. 3 was observed in all
edge,Eq,;~3.41 eV, as determined from linear absorptionn-type GaN samples regardless of doping concentration
measurements from the unbiased GaN sample. In the flato.1-3.0< 10'® cm™2), incident optical polarization and
band spectrum shown in Fig. ® V/cm), two weak peaks angle, and incident power density.
were observed at SH photon energies just below the band- As a complementary measurement to the SH response, a
edge position. The SH profile in this photon energy regionsum-frequency(SP measurement was performed to deter-
was found to be dependent on film thickness and incideniine whether the resonance in the EFISH spectra was due to
angle, a result that was attributed to the phase-velocity intera one-photon interaction with mid-gap states oraa r2so-
ference between the nonlinear source polarization and theance with the band-edge critical point. In this experiment, a
generated SH fiel?f The zero-dc-field spectrum, dependent SF signal with a photon energy in the band-edge region was
only on the intrinsicy(® of the GaN, exhibited weak disper- generated via coherent mixing of an incident tunable IR laser
sion in the SH photon energy range above the band edgsource(0.93-1.32 eYand a fixed visible laser source at 2.34
which was consistent with previous measurementg(®fin eV. The photon energy of each beam was sufficiently shifted
wurtzite GaN? from the incident beam used in the SH measurements which

With the application of a reverse-bias dc field, significanteliminated the possibility of coincidental, one-photon reso-
changes were observed in both the magnitude and dispersiorances with mid-gap states. As is shown in the inset of Fig.
of the SH response. At an applied potential €0.15 V 3, the SF spectrum recorded with surface field of 173 kV/cm

IV. NONLINEAR ELECTROREFLECTANCE RESULTS
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FIG. 5. Linear differential reflectance spectra from an gy (V)

electrolyte/GaN interface as a function of the incident photon en-
ergy. The dashed line represents the position of the band edge in the FIG. 6. (@) Differential SH reflectance ang) differential linear
unbiased sample. The number to the right of each spectrum is thi€flectance from a GaN/electrolyte interface recorded under a sur-
value of the field at the GaN surfa¢kV/cm) during the reverse- face field modulation of 0-110 kV/cm. Ife), the spectrum was
bias portion of the square-wave modulated poterflaD H2). measured as a function of the SH photon energy at a field modula-
tion rate of 5 Hz. In(b) the scan was measured as a function of the
showed a resonant peak at the same energy as was obseriegident photon energy at a modulation rate of 220 Hz.
in the SH results, confirming the two-photon nature of the
EFISH resonance. Also, Franz-Keldysh oscillationd~KO) appeared at photon
The spectra in Fig. 4 showed that the resonant peak anenergies above the band ed@mshed ling with a period
plitude continued to increase as the surface dc field was inthat increased with increasing dc field. As a comparison to
creased to 575 kV/cm. Considerable broadening was olthe linear differential measurements in Fig. 5, a differential
served in the 388-575-kV/cm spectra as shown by theneasurement of the SH reflectance was also performed on
extension of SH enhancement to photon energies well aboue GaN sample. In this measurement, the applied bias to the
(>0.2 eV) and below (0.1 e\) the band-edge position. In  GaN sample was modulated at a repetition rate of 5 Hz so as
the 575-kV/cm scan, the degree of linewidth broadening beto vary the surface dc field from the flatband value to 110
low the band-edge energy led to an apparent splitting in th&V/cm. The dc-field modulation and laser repetition were
resonance near 3.38 eV. Although the proximity to the bandtemporally synchronized so that sample illumination oc-
edge energy makes an accurate determination of the lineurred during the flatband and the reverse-bias conditions. At
width very difficult, the resonant profile in this spectrum wasthe end of each potential cycle, the difference between the
clearly greater than 0.2 eV. reverse-bias and flatband signals was normalized to the flat-
In addition to the SH measurements, Fig. 5 shows thé&and response. The results from a typical differential scan
differential linear ER spectrao(j,= w o) recorded at the are shown in Fig. @). In this plot, the spectral range was
E, critical point for a range of applied dc fields that coin- extended to 4 eV so as to monitor the EFISH contribution
cided with a number of SH scans in Figs. 3 and 4. Similar towell above the band-edge position. Each data point in the
the EFISH response, the negative peak associated with tlepectrum represented the average SH differential value after
E, optical resonance broadened in linewidth and shifted td.0 applied potential cycles. At SH energies above the band-
lower energies as the applied dc field was increased in thedge position(vertical dashed ling the differential signal
GaN depletion layer. The amplitude of thg resonance in- was characterized by a positive-valued peak located at 3.43
creased linearly with the applied potential which was consiseV which was consistent with the location and linewidth of
tent with previous linear ER results from moderately dopedhe EFISH resonance in the Fig. 3 spectra. The peak ampli-
l1l-V semiconductors in an electrochemical environm&®  tude exceeded the flatband intensity by a factor of 1.5 and
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crease in the SH signal reached a minimum-by- 0.25 V

Surface DC Field (IkV/cml) above the flatband potential with a subsequent rate increase
174 388 520 626 that was one-third that observed in sc&handC. At these
two energies, signal saturation was not observed in the high-
field region, but the intensity remained well below the peak
[ ] levels observed in the “on” resonance scans.
@ 100 | 3(3)3 T
§ 1 V. THEORY AND DISCUSSION
@ 80 - . In the case of GaN, thea2 polarization response from an
g I s 540 ] electrified sample is a linear combination of an intrinsic
Z I B) - second- and dc-field-dependent third-order nonlinear contri-
o 60 - bution. In the present experimental arrangement, the dc field
= I 354 ] was directed along the optical axis of the GaN sanfpks-
% I (D) ] pendicular to the semiconductor surfacerhich corre-
= 40 F 333 1 sponded to the axis in both the crystal and laboratory co-
% ] (A) 1 ordinate frame of reference. They plane of the crystal
= ] (surface planewas rotated about the optical axis until the
& 20k i plane of incidence coincided with the plane of the crystal.
For the wurtzite phase of GaN ®m symmetry, the inde-
pendent components of?) and x(® that can contribute to
0 VP . ; ] the SH response for an arbitrary incident polarization and a
A5 05 05 15 25 35 dc field directed along the optical axis amg’), x\2.
Applied Potential (Volts vs. SCE) X2, andx$) ., x{3,,. x&3,,. respectively” When using an

incident light source that is polarized(along they axis of
FIG. 7. A series of fixed-frequency SH reflectance scans from dhe crystal, the nonlinear polarization from the electrified
GaN/electrolyte interface as a function of the applied potential. TheGaN sample is induced along the optical axisgolarized

SH photon energy of each scaA<D) is given at the right of each gnd contains a singlg(z) and X(B) tensor element:
scan in eV.

P(z,20) = x0i(2) EX(z,0), (3a)

monotonically decreased to zero as the SH photon energyhere the effective nonlinearityglcf(z) is given by’

was tuned to 3.8 eV. Repeated differential measurements in

the spectral region above the band-edge region on a series ofyj(2) = X2\ — 2w 0, 0) + 3x3, { — 20;0,0,0)Eq(2).
GaN samples showed that the SH response was unaffected (3b)

by f::m thickness, dODiTg’ ofrlincgd?ant arr:gleb. ng%ver, theln these two expressiong, (z,) is they component of the
oscillation in the signal profile below the band edge was : - : .
found to be dependent on the optical path length in thé‘undamental field anég(2) is the dc field directed along the

. R .. optical axis[Eq. (2a)].

tsrﬁg“\)/\llivggr? tt?\ trr;?] h|gr1th§ra|2)snr:|s§|V|ty of thtet %atN df'ltm ;E The reflected SH intensity from the GaN sample is depen-

eng ge, this behavior was attributed to ent upon the product of the nonlinear polarization and its
aforementioned phase-velocity mismatch interference effec onjugate®
In addition to the SH scan, the 110 kV/cm result from the ’
linear AR/R scan is shown in Fig.(ﬁ).. lsu—PM(2,20)* PN(z,2w). (4a)

The spectra in Figs. 3 and 4 indicated that the applied

potential dependence of the EFISH effect at photon energies _ (2|2 (3) 3 L
either “on” or “off” the initial resonant peak position would Xeyd ™ [3Xzyy Eo)] T BBS(2) Xayyakayy | O, (4b)
display markedly different behaviors. As a check of this hy-
pothesis, a series of fixed photon energy, variable Surfac@/here the wavelength notation on the field and susceptibili-
dc-field scans was measured over a range of energies thi#@s have been omitted for simplicity. The reducing or en-
encompassed the proﬁ|e of the EFISH resondmitions hancing nature of the EFISH contribution will depend on the
A-D in Fig. 4). The results of this procedure are shown inrelative phase difference between the second- and third-order
Fig. 7. For all SH energies in the band-edge region, the Stgusceptibilities ¢) and the sign of the dc field in the deple-
signal exhibited a decrease relative to the intring®® non-  tion layer. Thez dependence of the dc field must also be
linearity as the applied potential was tuned just positive ofconsidered in calculating the reflected intensity at vhich
the flatband potentidiashed vertical line In the “on”reso- i shown in the Appendix.
nance scansB and C), a minimum in the signal intensity In addition to the relative phase and dc-field dependence,
was observed at 0.1 V (relative to the flatbandfollowed ~ the spectral linewidth of the SH response in the band-edge
by a rapid increase in the 174—388-kV/cm region. Above'egion is dependent on the dispersion of both second- and
these surface field strengths, the signal level began to sattpird-order susceptibilities. A comparison of the flatband SH
rate at both SH energies W|th a 12% decrease in Scfor SpeCtrum with the EFISH response in F|gS 3 and 4 show that
field amplitudes above 520 kV/cm. In scahsindD (below  the dispersion of$) —2w;w,,0) is markedly narrower
and above the peak position, respectiyelhe initial de- than the corresponding responseAéf,)y(—Zw;w,w) in the
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band-edge region. Recently, full band-structure calculationsvhen the 2v photon energy is close to a resonance in the
of x®(—2w;w,w) have been performed on a number of GaN band structure. The parameters in E&y.are similarly
bulk cubic zinc-blende 1lI-V and II-VI semiconductors over defined as for Eq(5). The form of Eq.(6) shows that the

a range of photon energies that include Exgcritical point 2w resonance in the EFISH signal is inversely proportional
in the JDOS*®~*?In the second-order nonlinearity, which is to the square off,, — E4p When SH photon energy is near
proportional to the product of three dipole-matrix elementsthe band edged,;= wny~wgy). A qualitative comparison
Ghahramaniet al. have shown that the various transitions of Egs. (5) and (6) shows that the third-order nonlinearity
between valence and conduction bands in the semiconductehould have a narrower dispersion near the fundamental
band structure lead to either virtual-electron or virtual-holeband edge provided the resonance is well-remawadimal
contributions toy?(— 2w; w,w).****However, in -Vl and  overlap from other critical point transitions. The narrow
[1I-V materials such as ZnSe and GaAs, the electron contrifesonance in the EFISH spectra in Fig. 3 supports this con-
bution to Y?(—2w;w,w) has been shown to produce a clusion since the third-order nonlinear response was local-
positive-valuedy?)(— 2w; w,w) for 2w photon energies be- ized within ~+0.1 eV of theE, critical point while the

low the band edge with a magnitude that is significantlyintrinsic second-order nonlinearitflatband spectruinwas
larger than the corresponding virtual-hole transitions. Undegignificantly broader.

conditions where the @ photon energy is near the resonance A comparison of the differential ER spectra ab 2and
with the fundamental band edge, the second-order suscepti (Fig. 6) show that the field-induced response in each re-
bility is proportional to spective case was spectrally localized atBgecritical point
energy with different line-shape profiles. In thereflectance
results, the magnitude of the dc-field-dependent perturbation

(5) energy

@, (ORI dnlydm sl yIo7)

W (wy—20—iy ) (On—0—iym)’ /
1/3

: )

e’EZh?

8u

wherey{ and l!ff are the wave functions for thieh andjth
valence and conduction band, respectively. Alg is the
energy separation ang; is the broadening parameter for the wherey is the effective mass of electrons in GaN taken to be
i-to-j transition. In this expression, the summation over the0.22my (Ref. 49 andE; is the dc field at the surface of the
valence band indel and the conduction band indicesand  semiconductor. For the range of applied potentials used in
m is implied. As is evident from this expression, the second-his study, the value of this energy parameter ranged from 17
order nonlinearity is resonantly enhanced when eithesr  to 51 meV which was comparable to or greater than the
2w is the frequency difference between two single-particlebroadening parameter for thg, critical point (~10 me\).
states(valence or conduction bandsdn the present investi- The magnitude of this energy parameter negated the use of
gations, the SH experiments on GaN were performed witlthe Aspnes “low-field,” third-order nonlinear limit of linear
2h w~ E gap, Which should generate a single resonance in th&R (Refs. 6-8 and instead placed the dc field in the “inter-
band-edge region since higher interband transitiéq driti- mediate” range of applied perturbations. The broadening and
cal poind are at least 4 eV above the fundamental ¢fap.  position shifts in the resonant peak as well as the FKO above
To the best of our knowledge, no calculations have beethe band edge were consistent with the intermediate field
made pertaining to the EFISH susceptibility approximation as well as previous linear ER measurements
¥ (—2w;0,0,0) in bulk, direct-gap semiconductors. A on n-type GaAs samples with dopant concentrations in the
number of recent calculations by Tsaegjal®~*8 on the 10'-10' cm~2 range® In the 2w case, broadening and
EFISH effect in semiconductor quantum wells have prefeak shifts were also observed in the EFISH signal with
dicted a significant field-induced enhancement in the SHncreasing dc field, but the FKO were not observed at SH
nonlinearity of GaAs/AlGaAs, , structures. In general, photon energies above the band edge. Another significant
X8 (—2w;w,»,0) is proportional to the product of four difference was the magnitude of the respectiveand 2w
dipole-matrix elements and is similar §62(—2w;w,w) in  field-induced effect relative to the zero-dc-field response. In
that it contains contributions from both virtual-electron andthe 2o results, the EFISH contribution exceeded the intrinsic
-hole transitions between the various valence and conductiopecond-order response by over 100% with surface dc fields
bands in the band structure. In addition to the virtual transion the order of 10V/cm while the same field strength pro-
tions, the third-order susceptibility contains a contributionduced AR values on the order of 16. In an attempt to
from “three-state” processes which involve simultaneous in-quantify the effects of the dielectric variations on the SH
terband transitions between the valence and conductiopignal, the linear ER data in Fig. 5 was analyzed with the
bands'®#* The dipole-matrix elements for this term have €lectromagnetic approach developed by Batchetoal. in
been shown to be significantly larger than the virtual contri-modeling the differential reflectance from- and p-type
butions in materials such as Si, GaAs, and ZnSe. Assumin§aAs in an electrochemical environméhtAn expression
that the three-state process is indeed the dominant contribfer AR(w)/R(w) was derived for the GaN/electrolyte sys-
tion to Xg)yz, this expression is proportional to tem t_hat provided a determination &fe(w) in each spec-
trum in Fig. 6. This analysis obtained values o (w) on
oIl on ) e - ey e ) the order of 102 relative to the unperturbes w) when the
@ (7 |2l Y Ll Y ) il 2] 7)) dc field was 5.6 10° V/cm. The spectral behavior of the
Xzyyz (w,—20—iy,))(oy—20—iy ) @On—0—=iYm)’ dielectric variation was substituted into a similarly derived
expression for the SH reflection from the GaN sam(slee
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the Appendix and calculated to produce variations in the
2w signal that were 3—4 orders of magnitubelow the
>100% increase observed in the spectra of Figs. 3 and 4.
This result confirmed that the narrow resonance in the SH 60
spectra was clearly dominated by the behavior of #@8 I
with little contribution from the field-induced dielectric
variations that are characteristic of linear ER spectra. How-
ever, the similarities regarding the field-dependent broaden-
ing and peak shifts in the and 2w suggest that the EFISH
susceptibility has comparable sensitivity to critical point
resonances in the band structure.

Examination of Eq(3b) and the applied potential behav-
ior of the fixed-frequency EFISH results in Fig. 7 indicated
that the sign ofy{( —2w;w, ) and x4 —2w;w,,0)
must be the same since the application of a negative dc field
[Eq. (28] produced an initial decrease in the SH signal. The
position of the SH minima in the applied potential scans of 10 [
Fig. 7 corresponded to the dc field at which the second- and I
third-order polarization terms in E¢Bb) were equal. The SH

70— T T T T

a0 |

30 L

SH Reflected Intensity (arb. units)

response at the “on” resonance positions reached a mini- 0 ' ' : L
mum at a much lower applied field than was observed in the s s 0 05 1
“off” resonance scans, which indicated that the ratio of the Applied Potential (Volts vs. SCE)

third-order to second-order susceptibility was higher near the

EFISH peak position. The results in Fig. 7 were also F|G. 8. Results of a curve fit analysisolid line) of the fixed

to be wused to determine the magnitude of thephoton energy, moderate dc fielek 888 kv/cm results of scarC
)(§3y)y2(— 2w;w,w,0) in the band-edge region. Quantitatively, in Fig. 6. The triangles are the actual data. The inset shows a sche-
the expressions in Eq&3) and(4) show that an evaluation of matic of the depletion region with a widtiz{) of 0.05um at 301

the third-order susceptibility required values of the dc fieldkV/cm and an attenuation lengtizf of 0.033 um for the SH

and ) —2w;w,0) prior to the EFISH analysis. The Photon energy of the scaB.43 eV).

former parameter was evaluated from the previously men-

tioned electrochemical studies while the latter term had been

determined from the band_edge SH transmission measur&ar interface in the mUltilayer fllm, the reflection coefficient

ments of GaN?2 In the previous SH measurement, a value offor the N-slice composite was derived. A complete descrip-
1.3x 10" m/V was determined foy! )y(—Zw'w,w) at a tion of the electromagnetic model with an expression for the

2
2w photon energy of 3.43 eV, whichzgorresponds to the sHeflection coefficient is given in the Appendix. The» Ze-
energy in scarC of Fig. 7. In modeling the field-dependent erctlt_)n data was fI'F to th_e reflect|0_n coefficient, given by E_q.
response, the data in this EFISH measurement was termi£2) in the Appendix, using a nonlinear least-squares routine
nated at a surface dc field of 388 kV/dm 0.5 V (SCB] so with the only adjuste}ble parameters in _t.he model being .the
as to avoid the potential region where broadening and shiftagnitude of the third-order susceptibility and the relative
ing of the resonant peak was observed. As shown by the ins@f1ase difference. The results of this fitting procedure are de-
of Fig. 8, the electrified sample was treated as a depletefioted by the solid lines in tflelgdat? oszlg. 7. In obtaining the
region with a characteristic depth denoted zyy The total f't:}O data, a value of 5810 " m“/V “ was determined for
nonlinear polarization in the depletion layer was given by theXsyyd — 2@;®,,0) with a relative phase difference of 0.55
expression in Eq(3a while outside this region the polariza- rad. The magnitude of this value was consistent with a recent
tion depended only on the intrinsic second-order susceptibilmeasurement of\o).( — 3w; w,»,w) in GaN?’ which deter-
ity x{2)(—2w;w, ). Multiple reflections at @ in the film ~ mined a value of 3.8 10" m?/V 2 at the band edge. For a
were ‘ignored since the absorption coefficient in the Gansurface field of 327 kv/cm, Eq(3b) determined that the
sample at this energy is 6x10° cm~! (Refs. 43 and 46 effective second-order nonlinearity at the GaN surface ex-
with an attenuation length of 0.038m. The value of deple- ceededy2)(—2w;w,w) by a factor of 5.
tion layer was calculated to exceed the attenuation length
when the applied potential was greater thad.33 V (SCBE).
The fitting procedure treated bog?) and x®) as real quan-
tities while incorporating a phase differencg)(in the linear Field-induced SH from GaN has been observed to en-
dc-field-dependent term of E¢4b). To approximate the ef- hance the response of the intrinsic second-order susceptibil-
fects of the linear variation of the dc field versus distancety when the dc field in the GaN sample is on the order of
into the depletion layeand generate tractable analytical ex- 10° V/cm. The sharp spectral response at the direct funda-
pressions for the reflection coefficient, the depletion layemental band edge indicated the potential of the EFISH tech-
was divided into a discrete number of sliced)(each of nique for spectroscopic analysis of critical points in the
which contained a constant dc field. Applying the appropriate]DOS of semiconductors. The localized nature and field-
boundary conditions to Maxwell's equations at each nonlininduced broadening of the EFISH response was similar to the

VI. CONCLUSION
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optical resonance observed in linear ER measurements near fo—f\  fa ne(2w)

the E, critical point in the JDOS. However, the field-induced E(2w)= { Ef(2w)(f—) -t 4]m-
EFISH response was considerably larger than the SH flat- 2 2 ' (A2)
band response and did not display the Franz-Keldysh oscil-

lations above the band edge that are characteristic of th& Eg. (A2), the expression foE(2w) is given by

linear ER measurements.

In addition to the spectral information, SH measurements Ei(20w)= _[ZWfZD(Zwa:‘], (A3)
performed at a fixed frequency and variable dc field deter- f1
mined the value 0§, {—2w;w,w,0) in the band-edge re- \here
gion to be 5.% 10" m?/V 2. Using a bond-charge model to
estimate the magnitude of other tensor elements shows _ Co¢(2w)N;(20) + COH; (20)N¢(20)
that the magnitude of {3 (—2w;0,0,0) and o cosh, (2w)n, (2w) » (Ad3)
X3 (—2w;w,,0) are 3 and 3.5 times larger than
XY {—2w;0,0,0), respectively’ As such, the EFISH re- _Co(20)Nn;(20) — cosh; (20)N4(2w) (Adb)
sponse can be enhanced with an optical excitation scheme 2 cosh, (2w)n,(2w) '
that efficiently couples into these diagonal components of the
susceptibility. Future EFISH measurements of GaN include ~ Qo (20) +Reoebr (20) Al
an examination of other higher-energy critical points so as to 3 co¥,(2w)n,(2w) (Ado)
determine the degree of resonant enhancement relative to the
fundamental edge. ¢ Ro g
T ni(2w)” (Add)
APPENDIX and
In order to calculate the effects of a dc field on the SH P(2=0)%%;( )"0 w)n¥(w)
response from an intrinsic nonlinear film, one must first 0=~ [N%(w)—n?(2w)n?(2w) (A53)
solve the linear wave equation for optical fields at:2
ne(w)PM(z=0)"0;( w
g e(2w)w? . 47P"(2,20) 0> f f
VR(z20)- — o Ez20)=— 72—, Also in these expressions,
(A1) N
D(20)=2, qjexdig(j—1)], (AB)
where E(z,20) is the SH field,P"(z,2w) is the induced =t
nonlinear polarization, and(2w) is the unperturbed dielec- Where
tric function. In deriving expressions for thew2reflection T-Q R ..—S
coefficient from the electrified electrolyte/GaN interface, g=explid)| —2 L4 I T (A79)
field-induced variations in the dielectric function were ig- J codi(20)  ni(2w)
g
nored since the linear ER measuremdatsshown in Fig. b nl in 2
determined these values to be on the order of 2010 3 = P2(2)01(w) 70 @)ni(w) (A7b)
for dc surface fields up to 20v/cm. This degree of index ' [nf(@)—nf(20)Inf(20)
variation was calculated to produce changes in the SH inten-
sity on the order of 107 relative to the flatband spectrum, T;=Qj(z+4), (A70)
which was orders of magnitude weaker than thé00% l .
signal variations observed in the SH experimental measure- __ Mi(@)Pz(zj)sindy(w) (A7d)
ments. ) né(w)—nf(2w) '
In solving Eq.(Al) in the depletion layer, the primary
issue is in properly accounting for the linear variation of the S;=Rj(z;+A). (A7e)
field-dependent nonlinear polarization with distance into th
space-charge regidmsee Eq.3b)]. In utilizing a reasonable fin Eds.(A6A-(A7e), 2, A, and ¢ are
approximation for the dc-field variatioand deriving trac- 24
table solutions for the reflection coefficient, the depletion Zj:JN- (A8a)
layer was divided intaN individual layers, each of which
contained a uniform static field. The region beyond the z4
depletion layer was considered semi-infinite with the nonlin- A= —, (A8b)
ear susceptibility characterized by the intrinsic
X2 —2w;0,0). Applying boundary conditions to the 27959290, (2) A
Maxwell’s equations at each interface of thd-slice b= f)\ , (A8c)
multilayer composite, the following equation was derived for SH

the reflected signal ata2: wherez, is the width of the depletion layer. In these expres-
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sions,A is the width of each individual slicé\ is the num-
ber of slices, and gy is the wavelength of the SH light. In
the depleted region, the values f&"(z) are determined
from Eqgs.(3b) at the appropriate dc-field value. In all ex-
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the GaN filnf>“®(n;), and refractive indexr{;) in the solu-
tion are evaluated ata unless otherwise noted. The term
¢ is equal to the phase shift in each slice of the depletion
layer. In the summation in EqA6), the j=N component

pressions in the Appendix, the angle of transmission in theepresents the nonlinearity in the undepleted region where

film (6), reflection from the film @,), refractive index in

the dc field is zero.
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