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PhotoreflectancéPR) of surface-intrinsia™ (s-i-n*) type doped GaAs has been simulated by
electroreflectancéER). The simulated spectra of the si- sample have exhibited many Franz—
Keldysh oscillations, which enable the electric fidke) to be determined. It is known thd&t's
determined from PR are subjected to photovoltaic effect and the meaBuigcclose toFy,

— 6F/2 when the modulating field§F <F;, whereF,, is the built-in field of the sample andF is

the modulating field. In this work, we have investigated the relation between the meksamddF

not only for the region wheréF <F; holds, but also for a whole range 8F. In order to determine

the magnitude ofF, we have used ER to simulate PR, that is, the measurements of ER under a
forward bias, which is set to be equal /2. © 1999 American Institute of Physics.
[S0021-897€09)01906-4

I. INTRODUCTION Recently, we have used fast Fourier transfoffffT)
technique to study the dependenceFoand FFT line shape
Modulation spectroscopy® is an important technique on Ppu.17 However, it is difficulty to estimatéF in the PR
for the study and characterization of semiconductor propermeasurements. In order to know precisely the magnitude of
ties. It can yield sharp structures around the critical pointsSF, we have simulated PR by ER, that is, by applying the
and is sensitive to the surface or interface electric fieldssample at a sum of a modulating square wave with amplitude
Among them, electroreflectan€ER) is used to modulate the V,.and a forward bias with the amplitude 9f/2.
electric field strength of samples and photoreflectaiiti®
is thought of as a form of contactless ER.
For a medium field strength, the PR or ER spectra exil. EXPERIMENT
hibit Franz—Keldysh oscillationg~KOs) above the band gap

e : . .
energy. The electric field streng(R) in the depletion region The s-in " GaAs sample used in this experiment was

. : grown on an* -type GaA$100) substrate by molecular beam
can be deduced from the periods of FKOSs.is known that epitaxy (MBE). A 1.0 um n*-doped GaAs buffer layer was

-intrinsic* Rt
the PR or ER of surface-intrinsic* type dope_d (s-A") first grown on this substrate, followed by a 1200 A undoped
GaAs exhibit many FKOs and they were attributed to theGaAs cap laver. The gold film was deposited by a hot fila-
existence of a uniform electric field in the undoped layet. b layer. 9 b y

. . t ti d the thick timated to be about 70
The slow decay of FKOs with energy will allow the more ment evaporation and the thickness estimated o be abou

accurate determination &f by using fast Fourier transform The experimental setup for the PR measurements, which

R 2,13
technique. is similar to that previously described in the literattnaill

Although PR has the advaptage of being contactless, e described briefly. Light from a 200 W tungsten lamp was
cannot exclude the photovoltaic effect from the pump an assed through a 500 mm monochromaacton spectra
14 ; ;

Erofk:e peam%, eipec;?lly fr(l)m the hp.ukr‘np beamdfor étsb Pro-500. The exit light was defocused onto the sample by a

:g er m:]er;sny._T ep otov:j) tbager; whic wasdpro bucg ¥ens. The reflected light was collected by a lens to focus onto
€ _ectron— Ol€ pairs genera‘Fe . y the pump an Prob€ beams.g; photodiode detector. The sample was modulated at 400
will oppose the or|g|nal built-in voltage. Hence tlein the Hz by a combination of a square wave and a forward bias
depletion region is reduced and almost equaFlp- 6F/2  yith an amplitude of half that of the square wave. The pho-
when 6F <F;,~> whereF; is the built-in field of the sample todiode signal was composed of a dc compor@tand an
and SF is the strength of the modulating field. Therefore, in ac component4R). The dc componentR) was measured
order to reduce the photovoltaic effect, the power densities °5y an analog to digital converter card of an IBM compatible
the prl:]zm_p Ppw) and probe beamsﬁ‘\élsvere kept below 10 yersonal computer. The output of the photodiode was also
uWlem' in the previous measuremertts. fed into a lock-in amplifier(Stanford Research System SR
830 to measure the modulated ac signAlR). The entire
dElectronic mail: wang@mail.phys.nsysu.edu.tw system was controlled by the personal computer.
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I1l. LINE-SHAPE THEORY L L
: o 0.0030 - 4
The line shape of electromodulation is a response of S Vac=840mV
field-induced change of the reflectivity, which is writterf-as IR T N
AR 0.0025 |- AN Vac=300mV i
R ~alene)det Bler,e) e, (1) g% Vac=260mV (x1.2)
in which o and 8 are the Seraphin coefficients, add; and 0.0020 I-  Vao=220mV (x1.4)
de, are the modulation induced changes in the real and |~ g iR T T
imaginary parts, respectively, of the complex dielectric func- ¢ go15 b o’ WYL Vac=180mv (x1.5) |
tion. Near the band edg&,, of GaAs, 8~0 andAR/R . Vac=140mV (x2)
~adey. E R T T e
In the case of a flatband condition under an electric field — o.00t0 |- A N ',‘\Va\0=100rrj\\/_ (3})._ -
F, A€ is defined as s U e
i Yac:GOmY ,(X.)-~
Ae(E,F)=€(E,F)—€(E,0), (2) 0.0005 |- -~ T et ]
. \ f\V§c=30mV (x8)
whereE is the photon energy. \/;0\/
Near theE, transition of GaAsAce is given by?® 0.0000 | Vac=10mV (x25) |
Bi(h6,)Y? [E,—E
Ae(E,F)=2, — EZI G ;’w_ , )
! ' -0.0005 |- 1 -
wherei=hh or Ih, standing for the heavy- and light-hole I T T T TP R
contributions, respectively, tH®, are parameters which con- 1.3 1.4 1.5 1.6 1.7 1.8 1.9
tain the interband optical transition matrix elemerts, is Photon energy (eV)

the energy gap, antié; is the electro-optic energy as given _
FIG. 1. Electroreflectance simulated photoreflectance at va¥guand the

by positions of the extrema of FKOs are labeled by the index numbers.

f.0,= (€2h°F2[2u;) ", (4)

in which w,, and u, are the reduced masses of heavy, light
holes and electron in the direction Bf respectively.

In the case of a uniform built-in electric fiel,; and a
modulation fieldSF, it was proposed that

5€"NE,Fp) = e(E,Fy) — €(E,Fpi— 6F)

wherei=hh or Ih, standing for the heavy- and light-hole
contributions, respectively.

IV. RESULTS AND DISCUSSIONS
The ER simulated PR spectra and the corresponding FFT

=A€e(E,Fu)—Ae(E,Fyi—AF), () of s-i-n* GaAs for variousV,. are shown in Figs. 1 and 2,
and respectively. The spectra of low values\of. exhibit many
ER FKOs above the band gap energy. This is due to a uniform
0e(E,Fy) = €(E,Fpi+ 6F/2) — e(E,F,i— 6F/2) field existing in the undoped layer. The positions of the ex-
= Ae(E,Fy+ 6F/12)— Ae(E,Fy— 5F/2). trema of FKOs are labeled by the index numbers. The beat in

the FKOs result from the different oscillation frequencies
associated with the transitions of the heavy and light holes,
The main difference between ER and PR is that thedue to differentu values. Their FFT spectra are resolved into
former is the difference between the dielectric constant ofwo peaks, which corresponds to heavy- and light-hole tran-
Fpi+ 6F/2 andFy,— 6F/2, whereas the latter is that &,  sitions, respectively.
andF,— 6F. We can simulate PR by ER under the condi- The advantage of using ER to simulate PR is that the
tion that the sample is at a forward bias /2, that is, magnitude ofSF can be determined more precisely. We have
measured ER spectra at various bidg;{). The F's thus
S€(E,Fpi) = €(E,Fyit 6F/2— 6F/2) obtained, which were deduced from the periods of FKOs of

— €(E,F,— 8F/2— 5F/2) ER spectra, are shown in Fig. 3 plotted agaMgs. These
are close to being linear which show that the field in the
=Ae(E,F)—Ae(E,Fpi— oF). () undoped layer is nearly uniform. From the relation between

The electric fields can be obtained by applying the fast and Viias [F(V/cm)=76919 (V/cm)—80877 (1/cm)
Fourier transform to the PR spectra. This approach has th& Vbia{V)], Vac can be transformed téF in the following
advantage of determining without the ambiguity of choos- Way: 6F (V/em)=80877 (1/emK Vy (V).

ing . The frequencyf, evaluated from the Fourier trans- _ According to Eqy(8), the evaluated vs 6F is shown in
form is related toF by Fig. 4. It can be divided into three regions for discussion.

Region | is whendF<16175V/icm {,<200mV), F de-
creases with increasingr. Region Il is when 16175 V/cm

: ® SE<24263Vicm (200mVEV,.<300mV). F increases

2
fiZE(ZMi)llz(ﬁ
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FIG. 4. Strengths of the electric fieléF) in the undoped layer are plotted
against 6F. The straight line represents the equatibr-75747 Vicm
—0.47< 6F.

broader. This is known from the fact that if the width of the
finite wave train iSAE, then the bandwidth of its FFT spec-
= trum is 4o/ AE.
AR U S TS T S B In region |, the data are fitted by a line whose equation is
0 20 40 60 80 100 expressed aF =75747 V/icm-0.47X 6F. When sF<F;,
f(eV™) the frequencies of the FKOs are only slightly different.
Hence the peaks corresponding tae;(E,Fy) and
FIG. 2 Fast Fourier_transform of'Fig. 1, where HH and LH denotes heavyA €1(E,Fpi— 6F) will be merged into one peak. The value of
and light hole transitions, respectively. the center of the merged peak will be close to the one cor-
responding toAe;(E,F,— 8F/2).1® Hence F~F,— 6F/2
when §F<F;. Here, we take the value of the intercept as
with increasingsF. Region Il is when§F=24263V/cm Fpi=75747 Vicm.
(V=300 mV), F becomes close to the value Bfwhen 6F In region I, whereSF becomes larger, it has two effects
approaches zero. on the FFT spectra. One is the frequencyef, (E,F;) will
According to Eq.(6), 5€"R is the difference between become more different from that dfe,(E,F,— 6F). The
A€ (E,Fy) and A€, (E,Fpi— 6F). When 6F is increased, other is the amplitude ok e, (E,Fy,;) will be greater than that
the transformed peak will become broader, as shown in Figof Ae,(E,F,— 6F). This is because, according to Eg3)
2. The broadening comes from two reasons. One is wifen and(4), Ae;(E,F) is proportional toF3. Hence, whensF
increases, the peaks corresponding A@,(E,F,) and s increasedAe, (E,Fy;) will become more dominant. The
A€, (E,Fp— 6F) will be separated more. The other is when merged peak will be more unsymmetrical & is increased.
oF increases, the amplitude of FKOs will damp out fasterThe value of the peak will be closer to that corresponding to
with energy so that the effective width for the FFT becomesA ¢, (E,F,;). Hence, the evaluated will increase withSF.
narrower. Thus the transformed spectrum will become In region Ill, the frequencies ofAe;(E,F,) and
Aei(E,Fpi— 6F) are so different that they become sepa-
rable. Also, the amplitude ok ¢,(E,Fy;) will become even
) : ' : ' ' ' ' larger than that oA ¢,(E,F,— 6F). Hence, the peak corre-
s sponding toAe;(E,F,) will be affected little by that of
) A€ (E,Fpi— 6F). Thus theF evaluated from the main peak
of FFT is close to that of\ e, (E,Fy).

0.0

120000

110000

100000

90000

V. CONCLUSION
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. ] Photoreflectance of sA¥ GaAs has been simulated by
_ electroreflectance. The FFT can be divided into three re-
gions. Region | is whedF<16175V/cm {/,<200 mV), F
. y is close toF,— 6F/2 and the FFT line shape can be clearly
06 -0.4 02 0.0 0.2 resolved into two peaks, which corresponds to heavy- and
Voias(V) light-hole transitions, respectively. Region Il is when
FIG. 3. Strengths of the electric field) in the undoped layer are plotted 16175 Vicms 6F <24263Vicm (200 m¥&V,<300mV),

againstV,.. The negative value o, means reverse voltage. The dashed F increases With_ _increaSin@F and the line shape of the_
line is the linear fitting of the data. heavy-hole transition becomes more unsymmetrical. Region
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