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It is known that electroreflectance of surface-intrinsictype-doped GaAs has exhibited many
Franz—Keldysh oscillations to enable the application of fast Fourier transform to separate the heavy-
and light-hole transitions. However, each peak still contains two components, which belBng to

+ 6F/2 andF — 6F/2, respectively, wher€ is the electric-field strength in the undoped layer and

oF is the modulating field of applied ac voltag€ (). In order to resolve the heavy- and light-hole
transitions,6F was kept much smaller thanin the previous works. In this work, we have used a
largerV,. and, hence, a largeif, to further separate the peaks. The peaks can be divided into two
groups which belong t& + 6F/2 andF — 6F/2, respectively. The peak belonging to the heavy-hole
transition andF— 6F/2 can be singled out to compare with the Airy function theory. 2@03
American Institute of Physics[DOI: 10.1063/1.1625098

I. INTRODUCTION we have used an even larger applied ac voltagg)( hence,
a largersF, to further separate those components and single

Modulation spectroscopy® is an important technique out the one belonging to the heavy-hole transition &nd
for the study and characterization of semiconductor proper- sg/2.

ties. It can yield sharp structures around the critical points

and is sensitive to the surface or interface electric fields.

Among them, electroreflectan€ER) is used to modulate the || EXPERIMENT

electric-field strength of samples and photoreflectaifi®

is thought of as a form of contactless ER. The s-i-n™ GaAs sample used in this experiment was
For a medium-field strength, the PR or ER spectra exgrown on an”-type GaA+s(100) substrate by molecular-

hibit Franz—Keldysh oscillationé~KOs) above the band-gap beam epitaxy. A 1.Qum n"-doped GaAs buffer layer was

energy. The electric-field strengfhin the depletion region first grown on this substrate, followed by a 1200 A undoped

can be deduced from the periods of FKOEhe larger modu- G@As cap layer. The gold film was deposited on the front

lating field SF will enhance signals to shorten the collection Side of the sample by hot filament evaporation and the thick-

time. However, a largesF will make the determination ¢~ N€SS estimated to be about 70 A. The ohmic contact was

uncertain. This is the reason that in most of the previoudabricated on the rear side of the sample by depositing a

works, the strengths afF’s are much smaller than that 6f  Au—Ge alloy. _
so that the strength df can be determined from periods of 1€ experimental setup for the ER measurements, which
FKOs’ was similar to that previously described in literattingill be

It is known that the PR or ER of surface-intrinsic described briefly. Light from a 200 W tungsten lamp was
n*-type-doped ¢-i-n*) GaAs exhibit many FKOs and they passed through a 500 mm monochromator. The exit light was
were attributed to the existence of a uniforand a small defocused onto the sample by a lens. The reflected light was

broadening parameter in the undoped Idy&#The value of collected by a lens to focus onto a Si photodiode detector. A

F of thes-i-n* sample can thus be determined by using thecomblnatlon of a square wawé,; and a dc voltage/q; was

fast Fourier transforniFFT) technique->14 applied to the sample in the ER measurements.
By using the FFT, the heavy- and light-hole transitions

can be separated to some degrees. In order to resolve the

heavy- and light-hole transitionsF was kept much smaller lll. THEORY

tains two components, which belong #+6F/2 and F  fie|d-induced change of the reflectivity, which is writterf-&s
—6F/2 for ER (F and F— 6F for PR), respectively. When

; AR
the largersF was l_Jsed, the peaks will b_ecome_broader SO = ey, €y) 0er+ Bley, €5) €y, )
that the determination df become uncertait? In this work, R
in which « and B are the Seraphin coefficients, add; and
3Electronic mail: wang@mail.phys.nsysu.edu.tw e, are the modulation-induced changes in the real and
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imaginary parts, respectively, of the complex dielectric func- L L N A L B
tion. Near the band edgd&,, of GaAs, 8~0 and AR/R I
’\"50561.

In the case of a flat-band condition under an electric field
F, Ae is defined as

Ae(E,F)=e(E,F)— (E.0), @) |

whereE is the photon energy.
Near theE, transition of GaAsAe is given by®

)

Bi(46,)Y?> [E,—E
Ae(E,F)=2, (EZ) G( - )

wherei=h or ¢, standing for the heavy- and light-hole con-
tributions, respectively, thB; are parameters which contain
the interband optical transition matrix elemenk, is the I
energy gap, and 6, is the electro-optic energy as given by L

(46,)%=e?h?F?2u; 4

in which uy, () is the reduced mass of headight) hole :
and electron in the direction df. L
In the case of a uniform electric fiel in the undoped L
layer and a modulation fieldF, it was proposed that A P T S SR RN
5F) 12 14 16 18 20 22 24

_ 6( EF— — Photon energy (eV)
’ 2

AR/R (arb. units)

ER B oF
oe-(E,F)=¢| E,F+ -
FIG. 1. The ER spectra af-i-n* GaAs forV,.=50 mV of variousVc.

_ oF ( oF
—AE(E,F‘F?)—AG E,F_T). (5)

The electric fields can be obtained by applying the FFT
to the ER spectra. This approach has the advantage of deter-
mining F without the ambiguity of choosing:. The fre- .
quency,f, evaluated from the FFT is related Foby L

2 1
fizﬁ(zﬂi)llz(eh_lz

The asymptotic form ofAe; of heavy hole E—E,
> 2% 6;) can be expressedds

) 312 _ 1/2 I~
Bi(%6) exp<_2<E Ey) F) _
E(E—Ey) (1.6,)%?

312
E- Eg> )

, (6)

vV, =-0.8V (x1.3)

Aeg(E,F)=

. V. =-0.6V (x1.6)
X cos( d+3l 75

%6,

where B; stands for the intensities of heavy and light hole L V, =04V (x3)
transitions, respectively, thé is broadening parameter.

()

IAF (arb. units)

i V, =-0.2V (x6.5)

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The ER spectra oé-i-n* GaAs and their FFT fol 4,
=50mV of variousVy. are shown in Figs. 1 and 2, respec- L V, =0V (x13)
tively. There are many FKOs observed above the band-gap T T
energy and they were attributed to the existence of a uniform 5 0 5 10 15 20 25 30 35 40 45 50
F and a small broadening parameter in the undoped layer. 4
The beat in the FKOs results from the different oscillation f(eV™)
f.requendes aSSOCiaj[ed with the tranSitian of the heavy aanG. 2. The FFT of Fig. 1 after transforming tixevariable fromE to (E
light holes, due to different values. Their FFT spectra are —E,)%, where HH and LH denote heavy- and light-hole transitions, re-
resolved into two peaks, which correspond to heavy- andpectively.
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FIG. 3. The ER spectra of-i-n* GaAs forV,=1.0V of variousVys,
whereVy,s is taken asv/g.—V,d2. FIG. 4. The FFT of Fig. 3 after transforming tixevariable fromE to (E

—Eg)s’z, can be clearly resolved into two groups, which corresponé to
+ 6F/2 andF — 6F/2, respectively. Each group can be further separated into

. . . k: i h - light-hol iti ively.
light-hole transitions, respectively. Although they can be re_two peaks corresponding to heavy- and light-hole transitions, respectively

solved into two peaks, each peak still contains components
belonging toF + 6F/2 andF — 6F/2.

In order to further separate the components belonging tgpectively. Each group can be further separated into two
F+ 6F/2 andF— 6F/2, a largerV,=1.0V was used. The peaks corresponding to heavy- and light-hole transitions, re-
measured ER spectra of varioug, and their corresponding spectively. Here, the component belongingRe 6F/2 and
FFT spectra are shown in Figs. 3 and 4, respectively. Theheavy-hole transition can be singled out.
are different from those of Figs. 1 and 2. The beats are not so Using the singled out component, the values Fof
obvious and their FFT spectra can be clearly resolved into- §SF/2 can be evaluated from Eq(6), where uy

two groups which correspond t+ 6F/2 andF— 6F/2, re-  =0.0585n, was used andn, is the mass of free electron.
220000 ——————F—+—T—"—T—"—T"—T T —T"T
b 4 m 1V (by FFT)
200000 |- ® 50mV (by FFT) .
r A A  50mV (by FKOs fitting) 7
180000 |-
€ 160000 |- FIG. 5. The strengths of the electric
o field (F).in the undoped layer are plot-
> 140000 | ted againsiy;,s or Vyc. The value of
w VpiasOF Vg Was used fol/;=1.0 V or
50 mV, respectively. The solid line is a
120000 | linear fitting to the data obtained from
Vo=1.0V.
100000 -
80000 -
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FIG. 6. The ER spectra of variouy. belonging to heavy-hole transition FIG. 7. The spectra of Fig. 6 of variog;, are plotted in the universal
andF — 6F/2, which was obtained by inverse FFT to the singled out com-variables[according to Eq(7)].
ponent in the Fig. 4.

) ’ ) creases faster wheh becomes greater. But instead of a
The, thus obtaineé’s are plotted agains¥yias, WhereViias  monotonic decrease with, the experimental data in Fig. 7
is chosen a¥y.—V,J2, as shown in Fig. 5. The relation is ghqy an increase and then a decrease itthe discrep-
linear to confirm the uniformity of in the undope_d layer. ancy at lowE may come from the neglect of the excitonic
The values ofsF’s can be evaluated frond . by using Eq. effect, which is important in the range & close toEy, in
(6). Also shown in Fig. 5 are the values &fs evaluated Airy function theory.
from FFT peaks in Fig. 2 and the slopes of conventional  Thjs result can explain the reason that it was not able to

FKOs fitting in Fig. 1, whergu=0.053n, was used in the ,piain accurate values &F by using Eq.(7) in the previous
conventional fitting. The values from both FFT methods arg,;o ks 16 According to Eq.(7), a plot of In(AR/R|,EXE,

not distinguishable within experimental errors. This is rea-_Eg)) versus ZEn_Eg)lIZ/(ha)SIZ should yield a straight
sonable because the valuesFoévaluated from the FFT are |ina with slope—T. But our experimental result shows that
close to the average df+SF/2 and F—46F/2 when 6F 6 asymptotic behavior afR/R is more complex than that
<F. The values from conventional fitting are a little bit predicted from Airy function theory.

smaller than those of the FFT. This can be attributed to the 4, g ordinary bulk sample, it was shown that the de-

choice ofu in the conventional fitting. It is noted that the henqence of the amplitude of FKOs on surface electric field,

values from conventional FKOs fitting in Fig. 3 are not F., is FY3.18 This is arguable because the ER spectra are
. . .. . ’ s -

marked in Fig. 5. This is because the frequ_enues correspon@—omplicated by the fact that they are composed of four com-

ing to F+6F/2 and ':__5':/2 are so dlffergnt forVec ponents, and the PR is even further complicated by the un-

=1.0V that only the first few(about threg points can be |4y magnitude ofSF. For the bulk samples, there are

fitted into a line. additional problems that the field is not uniform in the deple-

The asymptotic form of ER spectra belonging to heavy-jsn region and the value df cannot be treated as being
hole transition andr — 6F/2 can be obtained by applying the equal to zero.

inverse FFT to the singled out spectra. The results are shown

in Fig. 6. The spectra are replotted in the universal variables

according to Eq(7) as shown in Fig. 7. The fact that they are V. CONCLUSIONS

pretty similar means that the asymptotic approximation of

Eq. (7) is somewhat correct. In summary, we have measured the ER by using a larger
According to Eq. (7), the amplitude of E%(E o6F. The component belonging to heavy-hole transition and

—E4)AR/R becomes a constant whér=0 and it exhibits a F—6F/2 has been singled out to compare with the Airy

monotonic decrease witk otherwise. The amplitude de- function theory. Instead of a monotonic decrease Mkttt
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