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Studied were the reflection spectra of dynamically chemically etched n-GaAs (100)
single crystals with electron concentration of 1018 to 51018 cm™3 in the 1.4-25 pum range
as well as the electroreflection ones in 1.8-1.6 eV range using electrolytic method. The
values of physical parameters and parameters in the space charge region of subsurface
layer of the investigated material have been obtained: electron concentration N, plasma
frequency op, relaxation time of free carriers over the pulse t, energies of optical
transitions Ej (I's,—Tg,), electrooptical energy 70, surface electric field Fg, phenomenologi-
cal broadening parameter I', energy relaxation time t, the wave function oscillation dura-
bility of quantum-mechanical particle Ay, with the reduced effective mass p at a given
surface electric field Fg. The energy diagram of the chemico-dynamically etched n-GaAs
(100) surface has been found to include an extreme. The presence of such extreme is
explained by zero value of the electron wave function on the surface and/or the structure
gettering of the free carriers.

HccnemoBanbl CIEKTPHI OTPAMKEHUs B Auanasone 1,4—25 MKM U CIIEKTPHI 9JeKTPOOTPaMKe-
HUS C HKCIIOJH30BAHMEM 9JIEeKTPOJIUTUYECKO METOAMKM B CIEeKTPAJIbHOM auamasoxe 1,3—
1,6 B momokpucramnios N-GaAs (100) ¢ KoHIeHTpanueil 3JI€KTPOHOB 1018-5.1018 cm 3
mocje XUMHUKO-IUHAMUUYECKOTO TPaBJeHus. I1oJyueHbl 3HAUeHUA (PU3NUECKUX IapaMeTpoB U
mapamMeTpoB B 06JaCTH IIPOCTPAHCTBEHHOTO 3apsja IIPUIIOBEPXHOCTHOTO CJIOd MaTepuaja:
KOHIIEHTPAIIUU 3JIeKTPOHOB N, IjIadMeHHBIEe YaCTOTHI ®p, BPeMsd peJaKCcaluu CBOOOJHBIX
HOCHUTeJIell 10 UMITYJIbCY T, OHEPIUM ONTUYECKUX IEPEXOJI0B E, (I'g,T§,), aexkTpoonTuyec-

Koii sHepruu 7, TOBEPXHOCTHOTO 3JIEKTPUUYECKOTO TOJA Fg, (peHOMEHOJOTMYECKOTOo mapa-
MeTpa ymupeHus [, sHepreTUYecKOoro BpeMeHU peslaKCalluid T, MPOTAMKEHHOCTH OCITUJIIANYI
BOJMHOBOK ()YHKIWH KBAHTOBO-MEXaHWYECKOH UACTHIBI Agp C HPHUBeZeHHOH sddexTuBHOM
Maccof | IPU AaHHOM IIOBEPXHOCTHOM JJIEKTPUUECKOM Imoje Fg. BeifBIeHO, 4TO oHepreTu-
yeckas QuarpaMMa XHMUKO-IUHAMMYECKHU TpasieHou mosBepxuoctu N-GaAs (100) umeer sxc-
TpemyM. IlosBieHre Takoro sKcrpemMyMa OO0BACHEHO HYJEBBIM 3HAUYEHMEeM BOJHOBOW (PDYHK-
UM 9J€KTPOHOB Ha IOBEPXHOCTH U (MUJIM) CO CTPYKTYPHBIM I'€TTEPUPOBAHMEM CBOOGOIHBIX
HOCHUTeJeil.
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For the investigation of heavily-doped
functional materials, it is reasonable to use
a complex of methods. In heavily doped ma-
terials, such physical mechanisms are pre-
sent as broadening of the impurity band,
change of the state density, scattering of
charge carriers on the charged impurities,
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on the inhomogeneities of doping over the
sample volume, etc., that complicate the ex-
planation of experimental results. Heavily
doped gallium arsenide is a substance of
importance for practical use in electronics
as a substrate for the production of the
modern high-frequency electronic devices,
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nanostructures, radiation detectors, LEDs,
photodiodes, etc., due to its optical and
electrophysical properties. In this work, in
order to obtain the values of the physical
parameters for the subsurface layer of the
heavily doped GaAs (100) crystals, the re-
flection spectra in the 1.4-25 pm wave-
length range (a Fourier spectrometer) and
electroreflection spectra in the region of the
fundamental optical transition E; in 1.3-
1.6 eV energy range (double monochromator
DMR-4) were studied.

In Fig. 1, the reflection spectrum of a
n-GaAs (100) single crystal of 300 um
thickness after dynamic chemical etching is
shown. Basing on quantitative analysis of
the reflectance spectrum in the specified
wavelength range, using the position of the
reflection minimum [1] the electron concen-
tration N was obtained to be 2.9-1018 cm™3,
and from this value, the plasma frequency

—
was evaluated (wp = \/_Nie*, g, = 12 [2],
8oo80m'opt
€9 = 8.854:10712 F/m) to be 0.993-1014 571,
According to the Drude model [3, 4], di-
electric function & in general case can be
written as

\ 1 (1)
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where T, is the relaxation time of free car-
riers over the pulse.

Having the calculated values of actual g;
and imaginary g4 parts of the dielectric per-
meability and taking into account connec-
tion between optical constants g, €9, 1, ¥:

gy =n? 72, (2)

gg = 2Ny, (3)
the reflection index R is got:

- 1)2 2

The theoretical curve is shown in Fig. 1

near an experimental curve, as calculated bas-
ing on the Drude model at parameters g ; =
12, 0, = 0.993.1014 g1 ¢ =7.7510"14 g,
Thus, from the reflection spectrum in in-
frared region, the free carrier concentration
N, plasma frequency ®p» and relaxation

24

R, a.u.

80

20 ' ~

1000 900 800 700 600 wv,cm-!

Fig. 1. IR reflectance spectrum of n-GaAs
(100). Solid curve, experiment; dotted line,
theoretical curve.

time of free carriers over the pulse T have
been determined.

As the electron concentration in the in-
vestigated samples of n-GaAs (100) single
crystals is within the 1018:5.1018 ¢m=3
range, the main mechanism of free charge
carrier scattering is scattering on charged
impurities. For n-GaAs (100) sample with
the electron concentration of 2.9-1018 em ™3,

the scattering time of on the charged impu-

rities t; = mju,/e has been estimated to be
of 8.87-107 14 g (u, = 2000 em?2/V-c [5], mh =
0.078my [6]).

It is known that the subsurface layer
thickness which forms the electroreflection
signal that is observed in particular points
of Brillouin zone is defined by the penetra-
tion depth of electric field (screening depth
Lp or Lpg) and light (d). The ratio of those
factors is of decisive importance for the ob-
taining of information on the material under
study from the reflection spectra [3, 4]. The
electroreflection modulation spectroscopy
makes it possible to determine energy of
optical transitions for the direct interband
transitions (connected with the change of
the material dielectric permeability € (E =

7w, F)) in the conditions when the absorp-
tion coefficient o is too high to be deter-
minable in the region of photon energies
substantially exceeding that corresponding
to the absorption edge. To measure the rela-
tive change of the material reflectance
AR/R in the electric field F, where R is the
reflection coefficient, it is enough to create
the electrical field in the subsurface layer
of semiconductor. Electrolytic method en-
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ables to modulate the surface barrier field
of the sample by applying ac voltage, while
applying in addition a constant bias, it is
possible to change the average field value.
The use of the modulation electroreflection
spectroscopy enables to make conclusions
about the subsurface layer structural per-
fection of electronic materials and to reveal
the influence of physicochemical treatments
on the surface state. The geometrical sizes
of the elements of modern electronic devices
are such that surface (subsurface layer) is
decisive in their operation.

In Fig. 2, electroreflection spectrum of
n-GaAs (100) single crystal with the concentration
of free electrons N = 2.9-1018 cm™3 is shown.
The measurements were carried out at room
temperature using non-polarized light in
the 1.8-1.6 eV energy range using electro-
lytic method (1-N. aqueous KCI| as the elec-
trolyte). The polarity of the electroreflection
extremes and the dependence of their ampli-
tude on the applied voltage show that a de-
pleted layer is realized on the surface. The val-
ues of flat band potential, according to the
electroreflection data, is ¢ = —2.02 V (Fig. 3).

Within the single electron theory, the
change of the real dielectric permeability
part is

Aey(E,F) = g1(E,F) - £,(E,0), 6))

which is defined by the electric field F; for
three-dimensional critical point of 3DM,
type, it is

1/2 (6)
SO Go,

Agq(E,F) =
where C is a constant; E = 7io, the photon
energy; G(n), the electrooptical function of
2nd type which is expressed through Airy
function describing one-dimensional motion
of free charge carriers in a homogeneous
external electrical field.

Eqy - o + il ()
T] - 719 ’

where E( is the optical transition energy; I,
phenomenological parameter of broadening;

70 = (62F27i2/ 2u)1/3, characteristic parame-
ter of the Franz-Keldysh effect theory (elec-
trooptical energy); pl=(m})! + (m;)‘l, re-
verse reduced effective mass; (m}) and (ml*,),

effective masses of electrons and holes, re-
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Fig. 2. Electroreflectance spectrum of n-GaAs
(100) single crystal with the free electron
concentration N = 2.9-1018¢cm™3. Solid curve,
experiment. Dotted line, theoretical curve for

Ey=1.422 eV; 70 = 0.063 eV; I' = 0.080 eV.
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Fig. 3. Dependence of the electroreflectance
signal AR/R on potential V enriching the sur-
face of n-GaAs (100) with electrons at the
dominating extreme energy E = 1.472 eV
(Fermi level Ej is positioned in the conduc-
tance band, 2kT above the bottom).

spectively, involved in the considered opti-
cal transition.

Assuming that all donor impurities are
ionized, the surface electric field Fg is
given by [7]

eN
Foq= Loz, 8
S fotn TF (8)

where ¢ is dielectric permeability of the ma-
terial; Lpp, the electric field penetration
depth (screening depth
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. 1/2
e2NF_y ,5(1*)

Lyp =

designations are generally accepted). For
u*(u* - EF/kT) —2; N=2.91018 cm™3; ¢, =
12, we have Lpp=11.74 nm; Fg=
2.09-:10% V/em.

According to the above, the charac-
teristic parameter of Franz-Keldysh effect

70 for mj = 0.078m,, m;; = 0.5m [6] equals
0.063 eV.

The relaxation effects in the light ab-
sorption by a crystal are described by the
phenomenological parameter of broadening
I' connected with the energy relaxation time
of the photogenerated charge carriers by

the relation I' = #i/t. This enables to esti-

mate 1 values for the respective optical
transitions using optical electroreflectance
method. The t value is defined by the inter-
action of electrons with the lattice vibra-
tions, impurities, surface defects (because
the electroreflectance signal is formed in
the space charge region).

Our experiments have shown that the
electroreflectance spectrum shape is varied
depending on the voltage applied to the
sample. The distance between zeros is in-
creased as the depletion rises and the
Franz-Keldysh oscillations are absent in the
high-energy part of spectrum. This means
that the intermediate case is realized when
the additional energy obtained by a quan-
tum-mechanical particle with the reduced

mass | in the considered optical transition 70
and the broadening parameter I" of the elec-
tron transition e; are comparable (the weak
field condition of measurement mode for heav-
ily doped n-GaAs (100) is not realized).

In the intermediate field region, the
change of the dielectric permeability

Ae = &(E = ho,F) — ¢(E,0) as a function of the
electric field F is approximately linear.
Moreover, the thickness of the depleted
layer near the semiconductor surface is
much smaller than the light penetration
depth d = A/4nn at wavelength A. Under the
phenomenological approach [8, 9], the
broadening parameter I' estimated from the
halfwidth of the dominating extreme in the
electroreflectance spectrum (Fig. 2), is
0.080 eV. In Fig. 2, besides of the experi-
mental electroreflectance curve (solid
curve), theoretical curve (dotted line) for
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Fig. 4. Energy diagram of the real (chemico-
dynamically etched) surface of n-GaAs (100).

parameters Ey = 1.422 eV; 70 = 0.063 eV;
I' = 0.080 eV is presented.

Let us determine the energy relaxation
time 1 of the photogenerated charge carri-
ers. Taking into account that the broaden-
ing parameter I' = 0.080 eV (Fig. 2), we ob-

tain t = /T = 8.22810715 g,

The parameter Agp characteristic for the
Franz-Keldysh effect which defines the ex-
tent of wavefunction oscillations of a quan-
tum-mechanical particle with the reduced
mass L in electric field Fg, that is, the

wavelength of electron with energy 70, can

be found using expression Agxp = f0/eFg.
The parameter Agp is 3 nm. It is to note
that the classical thickness of the enriched
layer L = 2kT/eFg in our case is 2.4 nm.

The light penetration depth in the energy
range 1.3 to 1.6 eV is changed from d =
17.81 nm (for E=1.6 eV) up to d=
21.92 nm (for E = 1.3 eV). It is known that
the information depth of the material under
study is defined by the smallest from two
quantities: light penetration depth and elec-
tric field penetration depth. Thus, the con-
clusion can be made that the "information”
depth for n-GaAs (100) single crystal is de-
fined by the screening depth Lypp.
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Experimental results have shown (Fig. 2)
a non-monotonous dependence of the semi-
conductor electrostatic potential on the co-
ordinate z. That is, energy diagram of the
real surface of n-GaAs (100) (pre-treated by
chemical-dynamic etching) has an extreme
(Fig. 4). The obtained electroreflectance
spectra of n-GaAs (100) testify that within
the order of extreme alternation in the
spectrum, energy bends are inclined up in
the direction towards surface. Because the
surface is etched (no surface charges), the
appearance of such extreme can be con-
nected with the fact that electron wave
function wy(z) on the surface is zero. We
work in the enriching region, so the de Bro-

272) for GaAs
2mikT

2
is m; = 0.078mg, thus A;p = 27.76 nm) of a

quantum-mechanical particle involved in op-
tical transition is higher that the space
charge region.

In our case, changed is the complex re-
fractive index N = n + iy of the subsurface
layer (which is responsible for the electrore-
flection signal which is defined by the non-
equilibrium concentration of charge carri-
ers. Zero value of electron wavefunction on
the surface (according to the quantum me-
chanies, the concentration of charge carri-
ers is defined by square of electron wave
function y(2)) results in that the energy dia-
gram of the real surface (preliminary
chemico-dynamically etched) has an ex-
treme. Other reason for the appearance of
such extreme may be connected with the
structure gettering, that is absorption, that
is caused by the presence of the areas of
GaAs (100) with defect structure which are
able to absorb actively the point defects and
bind impurities.

Thus, basing on quantitative analysis of
the electroreflectance spectrum, the physi-
cal parameters and parameters of the space
charge region of the subsurface layer (light
penetration depth d = A/4mn) have been de-
termined in the region of fundamental opti-
cal transition E,: energy of optical transi-

glie wavelength ((XdB =

tion E,, electrooptical energy %6, pheno-
menological parameter of broadening T,

Functional materials, 16, 1, 2009

surface electrical field Fg, relaxation time
of charge carriers 1, Franz-Keldysh charac-
teristic parameter Agp. Consideration of the
n-GaAs (100) electroreflectance spectrum
(Fig. 2) has shown a non-monotonous behav-
ior of the semiconductor electrostatic poten-
tial as a function of coordinate z (de Broglie
wavelength of quantum-mechanical particle
is exceeds the thickness of the space charge
region).

Thus, optical investigation results of
heavily doped n-GaAs(100), namely, reflec-
tance spectra in the wavelength region 1.4—
25 um, and electroreflectance spectra in the
energy range 1.3-1.6 eV enable to obtain
physical parameters of the investigated
samples: electron concentration N, plasma
frequency O relaxation time of free carri-

ers over the pulse Tps energies of electron
optical transitions Ejy and parameters of the

space charge region 70, I', Fg, 1, Agp, and
using those data, to analyze the physical
processes, mechanisms, and nature of the
electron and optical phenomena in the sub-
surface layers and in the volume of the
heavily doped material.
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In¢payepBoHA CHEKTPOCKOIIiS Ta e€JIEeKTPOBiAOMBaAHHSA
B o0sacTi pyHIZaMeHTAaJIbLHOr0 ONTHYHOrO mepexony E,
cuabHoJerosanoro N-GaAs (100)

I1.O0.'enyape, O.1.Bnacenxo, M.B.Byiuwux, O.B.Cmponcovruil

HOocaimKeHOo cIeKTpU BimOmBaHHA y giamasoHi 1,4—25 MKM Ta CHEKTPHU eJeKTPOBifIOUBaH-
HA 3 BUKOPUCTAHHAM eJIeKTPOJITUYHOI MEeTOZVWKMN y CIeKTpaJbHOMYy niamasoni 1,3—-1,6 eB
mouokpuctanais N-GaAs (100) micasa xiMiko-ZUMHAMIUHOrO TpaBJeHHSA 3 KOHI[EHTPAIICIO eJIeK-
rporie 1018-5.1018 ¢m3. Orpumano sHaueHHA (PisHUHMX mapaMeTpiB Ta IapaMeTpiB B 06-
JIACTi IPOCTOPOBOIO 3apALy IIPUIIOBEPXHEBOTO IIapy MaTepiany: KOHIleHTpAallii eJeKTPOoHiB
N, niasMoBi uactoTu ©,, gac penakcarii BiTbHUX HOCiIB 3a iMIyJbcom T
nepexofis Ej (I'g,—Tg.), €TeKTpoonTruHOi eHeprii 70, moBepxHEBOTO ejeKTpUIHOTO noada Fg,
(eHOMEHOJIOTIUHOTO ITapaMeTpa yIIUpeHHA [, eHepreTMYHOro yacy peJakcaliii T, IPOTIK-
HocTi ocruiasanii XxBuiaboBOI (PyHKIIII KBAaHTOBO-MEXaHIUYHOI YACTUHKU kKF i3 mpuBemeHoIO
e(PeKTUBHOI0 MAaCOW0 |l IPU JAHOMY IIOBEPXHEBOMY €NeKTPUYHOMY moai Fg. Busasneno, mo
eHepreTHyHa giarpama ximiko-guHamiuxo Tpasienol mosepxui n-GaAs (100) mictuth excrpe-
myMm. [TosiBy Takoro ekcrpemMyMa HOSICHEHO HYJIbOBUM 3HAUEHHAM XBHJILOBOI (PYyHKII esek-
TPoHiB Ha moBepxHi i (a00) 3i CTPYKTYPHUM reTepyBaHHAM BiJIbHHX HOCiiB.

, €Hepril oNTUYHUX
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