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Electroreflectance bias-wavelength mapping of the modulation
Si 6-doped pseudomorphic GaAs/InGaAs/AlGaAs structure
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The electroreflectance bias-wavelength mapping is proposed as a tool for characterization of
low-dimensional structures. The results of room-temperature measurements on modulation Si
6-doped pseudomorphic GaAs/InGaAs/AlGaAs heterostructure with high mobility two-dimensional
electron gas are presented. Franz—Keldysh oscillatiei®) in GaAs layer are analyzed using fast
Fourier transform(FFT) mapping in order to find an electric field in the GaAs layer. Two
frequencies of FKO are identified in the FFT spectra, which are attributed to transitions involving
heavy and light holes. Two transitions within the InGaAs quantum well are found at zero bias and
an additional transition becomes apparent in reversely biased structure. Spectral features due to
spin-orbit split holes in GaAs, back AlGaAs barrier, and AlGaAs/GaAs superlattice are also
identified. © 1999 American Institute of Physid$$0003-695(99)02540-1

Modulation techniques proved to be a very effective wayT=4.2K, the electron Hall density (1.XK10"?cm 2 was
of semiconductor structures investigatioThe reflectance approximately equal to the two-dimensional electron gas
spectra obtained with either optical or electrical modulation(2DEG) density found from Shubnikov—de Haas oscillations
provide detailed information on optical functions of semi- of magnetoresistance (1.880%cm™?). An additional con-
conductors. It is possible to observe very sharp features duguctivity channel of much lower electron mobility and den-
to optical transitions even at room temperature. An analysi§ity existed in the GaAs BL, which was established from
of those spectra provides information on the structureelectrochemical capacitance—voltage profiling of the investi-
properties: However, especially in the case of multilayered gated structure. Ohmic contact made on investigated sample
structures, it is often difficult to attribute particular featuresShort circuited both the high mobility channel in the QW and
to a specific layer in such a structure. We propose a nedhe low mobility channel in the GaAs Blsee Fig. 1
approach to that problem, which uses the quasicontinuous '€ Meéasurement was carried out at room temperature.
change of the structure bias. We will show how the resulting! '€ Schottky gate on the structure, biased with a sum of dc

electroreflectance bias-wavelengRBW) map makes the VOltageU; and ac modulation signalU, was illuminated
attribution of spectral features more clear. with a monochromatic light of wavelength The electrore-

flectance ER) signal was measured using a lock-in amplifier.

A structure investigated was a pseudomorphicI th t step the bi it hanaed Aft
GaAs/In ,Ga AS/Alg Gy gAs quantum well (QW) with n the next step the bias voltage was changed to, . After

modulation Sié doping, grown by metalorganic vapor phase
epitaxy at the Australian National Universitysee Fig. 1L
The structure was grown on S| GaAs substrate, and consisted

nominally of a 600 nm GaAs buffer lay€BL ), followed by U=U+AUcosot
90 nm of (5 nm Al ,.Ga, sAs/5 nm GaA$ superlattice(SL), Ohmic 9
310 nm of ApGa gAs back barrier, 10 nm of jpGay gAS contact Schottky gate
QW, and 205 nm GaAs top barrier. The &idoping (p e
=2.3x10"cm ?) was placed 10 nm from the QW in the 5 nm GaAs o
back Al ;Ga, gAs barrier. There was a simila@doping 2 nm 200 nm GaAs Sié-doping
below the structure surface in order to saturate the surface 10 nm In 5,68 ggAs
states. A Au/Ge ohmic contact was evaporated on the sample 10nm A,O’ZG%;AS .
surface and alloyed. A semitransparent Au layer, evaporated — Si §-doping
on the sample surface, was used as a Schottky gate. Electron \ 300 nm Al 5,Ga ogAs
Hall density and mobility at RT were equal to 1.9
X 10*2cm™2 and 5320 crfiV s, respectively. A high electron \ / 9x5nm Alg,Ga s /5 nm GaAs
mobility at RT suggests that most electrons occupy the QW. \/ 600 nm GaAs
This was confirmed by low temperature measurements. At

Sl GaAs substrate
dElectronic mail: tomasz.tomaszewicz@fuw.edu.pl
YElectronic mail: adam.babinski@fuw.edu.pl FIG. 1. A schematic sample structure with contact configuration.
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the full bias range was covered, the illuminating light wave-ficult to detect in a usual ER spectrugompare Fig. B
length changed ta +d\ and the whole procedure was re- At high reverse bias three additional features denoted in
peated. If the bias differendd; —U; ., is small enough, the Fig. 2 as A, B, and C can also be observed. In this bias
ERBW map can be obtained from measured ER spectra, asriggion the QW is probably depleted of electrons and the
is shown in Fig. 2. The conventional ER spectrum measure@arallel conduction channel in the GaAs BL acts as a back
atU=0V is shown for comparison in Fig. 3. contact[see Fig. 4c)]. This results in extension of the elec-
Two ER feature¢denoted a&, andE; in Fig. 2 canbe  ric field modulation region to the AIGaAs back barrier and
seen below the GaAs band gap. Those are due to opticaGaAs/GaAs SL. We attribute the B transition to the con-

transitions within the QW. It is interesting to note that they fined states in the AIGaAs/GaAs SL and the C feature to the
disappear folJ>0.5V, which is probably due to occupation

of their final states by electrons. Thg, and E; features
redshift with increasing electric field, which results from the
quantum confined Stark effe@@CSH*—the spatial separa-
tion of electron and hole wave functions leading to a de- a)
crease of transition energy. A schematic potential diagram
for those experimental conditions is shown in Figa)4 An
additional feature denoted in Fig. 2 Bs can be observed at
U<-0.5V. It must be due to a resonant electronic state,
which becomes confined in the triangular well formed under
high electric field[see Fig. 4b)]. An electric field depen-
dence of this feature is stronger than in the casepbr E; b)
transitions. This suggests that the spatial extent ofEhe
related wave function in the direction is larger than the
spatial extent of th&, or E; related wave functions, which
is in agreement with our attribution.
Franz—Keldysh oscillationéFKO)® from the GaAs bar-

GaAs
InGaAs QW
AlGaAs/GaAs
SL

<«— 8i 5 -doping
AlGaAs

rier can be clearly seen in the central part of the ERBW map. -3V<U<0V
Their detailed analysis will be presented later in this letter.

Another group of very weak features can be seen aradnd ©)

=0V in the energy range 1.7-1.9 eléee arrow in Fig. 2

Those are the FKOs involving the GaAs spin-orbit split holes —7V<U<-3V

atEy+Ag,. Those features are very weak and they are dif-
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FIG. 4. Schematic potential diagram of the &doped pseudomorphic
GaAs/Iny Ga gAS/Al Gay gAS structure investigated by ERBW mapping.
(@ U=0V. The 2DEG in the QW acts as a back contact for electric field
modulation E, andE, features, as well as the FKO from the top GaAs layer
can be seen in the ERBW mafiy) —3 V<U<O0 V. TheE, feature due to
electronic state confined in the triangular potential well over theG@a, /As

! . . L QW becomes apparent in the ERBW mdp) —7 V<U<-3V. The
12 14 16 18 20 Iny ,Gay sAs QW is depleted and a parallel conduction channel in the GaAs
Energy [eV] BL serves as a back contact for electric field modulation. The features B and
C due to transitions within the AlGa gAs/GaAs SL and band-to-band
transition from the A} ,Ga gAs back barrier, respectively, can be seen in the
ERBW map.
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FIG. 3. Electroreflectance spectrum measuretd at0 on the Sis-doped
pseudomorphic GaAsinGay gAs/Alg Ga gAS structure.
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transitions from the AlGaAs barrier. The energy position of ELECTRIC
those features agree very well with values found from pho-  FIELD [k¥/em]

tovoltaic measurements, which backs up our attribution. The 350
attribution of the feature A seen in Fig. 2 is less straightfor- L ann
ward. A split character of this feature may result from the
strain-induced splitting of heavy and light holes in the GaAs [ 250
top barrier, grown on strained InGaAs QW or from an addi- L 00
tional electronic state confined in the triangular well over the
InGaAs QW. - 150
The FKOs in GaAs can be analyzed in more detail using 100
the ERBW map. It is well known that the ER line shapes can
be described by Airy functiofSHowever, it can be shown - 50
that using asymptotic expansions for Airy functions: .
dR 1 p( (E—E)12 ) 70 60 50 -40 30 20 10 00 1.0
R EZ(E— ) ex 2 WZ_F BlAS WOLTAGE [v]
4 (E-E )3/2 FIG. 5. The results of Fourier transform analysis of Franz—Keldysh qscil-
% CO{— 93 . +CI)}, (1) lations based on ERBW map of the Szﬁ-dopgd pseudomorphic
3 (h0) 3 GaAs/In Gay gAs/Aly Gay gAs  structure. Dark regions represent the

) ) ) maxima of the power spectrum. Left- and right-hand side axis scales indi-
where electro-optical energyh® is given by #0© cate the value of electric field obtained using masses of light and heavy

=[(e?F?1%12u)]*3, F is a surface electric fieldy is re-  holes, respectively.

duced effective mass of the electron-hole pgi,is energy

gap,® is a phase factor, andis a broadening factor. It can modulation Sis doping were presented in this study in order
be seen from Eq(1) that the period of FKOs is proportional to present the capabilities of the new method. The FFT
to (E—Eg)2 Therefore the formulgEq. (1)] can be rewrit-  analysis of the FKOs from the GaAs barrier revedlsthe

ten as: contribution from light and heavy holes a2) the bias de-
R pendence of the surface electric field in the GaAs layer.
Rr= f(E,F)cogcA+d], (2 Spectral features due to quantum confined states in the QW

and in the AlGaAs/GaAs SL, the electric field-induced con-
with A=(E—E4)¥?, c=4/3(i®) 2 and f(E,F) is the finement of a resonant electron state in the QW, and the FKO
slowly varying envelope function. The factor determines involving spin-orbit split holes in GaAs, and the AlGaAs
the surface electric fiel& in the layer under investigation. barrier were also observed in the ERBW map. It has been
The fast Fourier transform(FFT) analysis was shown that the ERBW mapping is an effective and very sen-
previously applied to the photoreflectance spectrum in ordesitive method of low dimensional structures investigation.

to find an electric field in multilayered structure. We devel- ) _ ) )
oped a procedure, which can make use of the whole bias ThiS work was supported in part by the Polish Commit-
range of ER measurements. Therefore the quasicontinuod@® for Scientific Research Grant No. PBZ 28-11. One of the
dependence of electric field on the bias can be obtained. WRUINOrS(A.B.) is indebted to Dr. C. Jagadish and Dr. G. Li
applied this FFT-based procedure to our ERBW map witrfor their hglp in the structure growth during the author’s stay
the FKOs in GaAs. Results are presented in the form of &t Australian National University.
greyscale imagésee Fig. 5. The darker areas represent high
amplitude of the FFT spectrum. Two curves can be seen in
Fig. 5. They are due to transitions involving heavy and light | _ _
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