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The possibility for the electroreflection modulation spectroscopy to
be applied for studying the electronic parameters of the surfaces of
semiconductors and semiconductor-based structures, as well as the
electrolyte—semiconductor and metal—semiconductor interfaces,
has been demonstrated. Making use of the polarization (tensor)
anisotropy of the electrooptical effect, the surface and bulk
contributions to the electroreflection signal have been separated.
The effectiveness of the separation method has been demonstrated
for the analysis of the electroreflection spectra from the (110)
surface of germanium with intrinsic conductivity measured for
the E1 and E1 + A; transitions (within the spectral range 1.9—
2.5 eV) provided the directions of the light polarization vector
e || [001] and e || [110] and the temperature 7' = 300 K. The
energy diagram of the etched surface of i-Ge has been revealed to
involve an extremum. The occurrence of such an extremum has
been attributed to the vanishing of the electron work function at
the surface and/or to the influence of the specular image forces.

1. Introduction

In connection with the rapid development of nanophysics
and nanoelectronics, the contemporary level of science
and technique requires that the researches of the near-
surface layers of solids be carried out. In comparison
to the bulk of solids, such layers may be the regions,
where electronic processes may undergo substantial
variations owing to the variations of the electron
band structure, the mobility of current carriers, the
time of their energy relaxation, as well as to the
availability of the surface potential. In comparison with
the classical spectroscopy, when applied to investigating
the peculiarities of the electron band structure of
solids, the electroreflection one has higher resolution.
The thickness of the layer, which forms an observed
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electroreflection signal in the range of direct interband
transitions, is defined by the penetration depths of the
electric field and light. Electroreflection spectroscopy
makes it possible to investigate electronic effects in the
near-surface layers and to draw conclusions concerning
the structural perfection of the latter. Provided that
the near-surface layers of semiconductor crystals are
enriched with majority current carriers, such electronic
effects as the quantizations of current carriers near the
surface [1], the electrooptical band-population effect [2],
and the variation of the potential barrier profile near the
semiconductor surface manifest themselves. The analysis
of the tensor anisotropy of the electrooptical effect
provides new opportunities for the study of surfaces
and phase interfaces. In doing so, one should use the
experimental setup where the electric field applied to the
specimen and the propagation direction of a light wave
are oriented in parallel to each other and perpendicularly
to the researched surface, because it is this configuration
that makes the anisotropy of the electrooptical effect in
the near-surface layer observable.

In this work, in order to study the shape of the
near-surface potential barrier, we have considered the
anisotropic spectra of electroreflection from the near-
surface layer of a model semiconductor (germanium with
intrinsic conductivity).

2. Phenomenological Description of
Electroreflection

Let us consider a semiinfinite single-crystalline
semiconductor with the complex index of refraction
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N = n + ix. Here, x is the extinction factor of the
medium which is connected to the absorption factor a by
the relation a = 4wy /A; A is the light wavelength. The
reflection factor of the external medium—semiconductor
system, p = rexp(if), looks like

_’rL()—N
_n0+N’

(1)
if light strikes the surface normally. Its relative
modulation is

Ap 1 /AR .
7 =3 <?> +iAd, (2)

where R = |r|” is the reflectance of the system, ng the
index of refraction in the medium, and
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is the modulation of the phase which is determined
by the transformation of the electroreflection spectrum
according to the Kramers—Kronig relations. Provided
that a uniform electric field with the intensity F is
applied to an isotropic medium, the complex index of
refraction N would change by AN. Therefore, from
relation (1), we obtain

Ap 2ngAN
DTN W

Passing to the consideration of the modulation of the
dielectric permittivity € of a semiconductor

Ae= Ae; + iAes = 2NAN, (5)

where Ae; and Aes are, respectively, the variations
of the real and imaginary parts of the dielectric
permittivity of the isotropic medium and extracting the
real part AR/R of relation (4), we obtain the relative
variation of the specimen reflectance in the electric field:

AR _ R(E,F)—R(E,0) _
7 B = R(E,0) a
= a(nﬂvn)X)Asl + B(n())nﬂX)Ag% (6)

where E = hw is the energy of photons, a and 3 are the
Seraphin partial coefficients [3-5], and 7 is the Planck’s
constant.

According to work [3], the variation of the imaginary
part of the complex dielectric permittivity of a three-
dimensional critical point of the 3DMj type in the case
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of the direct allowed transitions in the electric field F
can be written down in the form

Aey(w, F) =e3(w, F) —e3(w, 0) = %01/217(7;), (7)

where F'(n) is the electrooptical function of the first kind,
the argument of which is equal to

Ey — hw
-0 8
n PR (8)
E, is the electron transition energy,
2212\ /3
ho =
< 2p > ©)

the characteristic parameter (electrooptical energy) of
the Franz—Keldysh effect [3], e the electron charge,
pwt = (m*) ! + (m})~! the reduced effective mass for
the optical transition concerned, and m} and m}, are the
effective masses of electrons and holes in the conduction
and valence bands, respectively.

With the use of the Kramers—Kronig relations, one
can find the variation of the real part of the complex
dielectric permittivity in the electric field F’:
A _ & 1/2

e1(w, F) = -2 6'2G(), (10)
where G(n) is the electrooptical function of the second
kind.

The electrooptical functions of the first, F'(n), and
second, G(n), kinds can be expressed in terms of the
Airy functions Ai(n) and Bi(n), and the Heaviside
function U(n) [3-5]. The Airy functions describe the
one-dimensional motion of free carriers in the uniform
external electric field and are independent solutions of
the electron-hole pair equation in the vicinity of the
optical transition in the effective mass approximation [4].

The electron transition FEy is characterized by a
broadening I'. The value of the latter depends on the
lifetime of free current carriers which, in its turn, is
governed by the processes of current carrier scattering
by lattice vibrations, impurities, and surface defects,
because the electroreflection signal is formed in the
space-charge region (SCR). Taking I' into account, we
get

 By—hw+il Ey—E+il
= 1o - 7

(11)
Expression (11) means that the complex frequency

W =w—iw

(12)
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is introduced in the calculation of the electrooptical
effect. Really,

_E[)—h(JJI _Eo—hw+ihw1 _Eo—hw+iI‘
=" T 1o - 1

where hw; =T.

It should be noted that the Kramers—Kronig
relations (the Hilbert transformation) are extremely
important when analyzing the spectra of ordinary
reflection and electroreflection. According to those
relations, the real part of the function can be expressed
in terms of its imaginary part. This means, that the
real and imaginary parts of both the complex index
of refraction N(w) = n(w) + ix (w) and the complex
dielectric function € (w) = € (w) + iea (w) satisfy those
dispersion relations.

In the case of small variations A of the phase angle,
the real and imaginary components of the dielectric
permittivity can be written down in the form

1 AR

, (13)

1_AR
AEQ = 55? + 7A9, (15)
where
v = n (n2 — 322 — n%) , (16)
no
< 2 2 2
§=—3n*—2">-ng). (17)

No

Therefore, the relative variation %(E,F) of the
reflectance of the researched specimen in the electric
field F' can be expressed in terms of the variations of the
real, Ae;, and imaginary, Aeo, parts of the dielectric
permittivity. The latter are expressed analytically in
terms of the electrooptical functions of the first, F(n),
and second, G(n), kinds [3-5], the arguments of which
are of form (13).

The thickness of the layer that is involved in the
formation of an electroreflection signal is defined by
the penetration depths of the electric field and light.
Therefore, the electroreflection method is very sensitive
to the structure of the thin near-surface layer of
thickness d (the light penetration depth),

A
47N’
Lately, the intensive researches of nanostructures —

such as quantum wells, quantum wires, quantum dots,
and multilayer systems — have been carried out [5-7].

(18)
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Fig. 1. Orientations of the researched i-Ge(110) surface, the vector
of the applied electric field F', the direction of light propagation k,
and the light polarization vectors e’s

3. Experimental Method

The electroreflection spectra of the chemically etched
(110) surface of i-Ge with a current carrier concentration
of 2 x 10" m~2 were measured following the electrolytic
method. The measurements were performed for the
transitions E; and E; + A; (within the spectral range
1.9 — 2.5 V) at the frequency of the first modulation
harmonics f = 2.2 kHz, at room temperature 7' = 300 K,
and provided the e || [001] or e || [110] directions of
the light polarization vector. The electric field applied
to the researched single crystal and the propagation
direction of incident light were parallel to each other
and directed perpendicularly to the surface (Fig. 1).
The buffer solution 0.1M K5SOy4: 0.025M NasHPOy:
0.025M KH,PO, was used as electrolyte. In order to
slow down the rates of electrochemical reactions at the
Ge—electrolyte interface, the specimens were electrically
biased by small values of applied potentials which
enriched the researched surface with electrons. The
constant bias applied to the specimens was monitored
with respect to a saturated calomel reference electrode.
The threshold sensitivity of measurements was 5 x 10~°
and the spectral resolution 3 x 103 eV.

4. Results and Their Discussion

In Fig. 2, the electroreflection spectra of the etched i-
Ge(110) surface enriched with electrons are depicted.
The spectra were measured using two main directions of
the polarization vector: e || [001] (curve 1) and e || [110]
(curve 2).

By their shape and the order of the appearance of
extrema, the obtained spectra correspond to the case
where the energy bands are bent upwards if one goes
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2.0 22 24 eV
Fig. 2. Electroreflection spectra from the chemically etched i-
Ge(110) surface for the light polarization directions e || [001] (1)
and e || [110] (2). The applied bias voltage is —0.2 V, and the
modulation is 0.2 V

towards the surface. Under conditions that the near-
surface layer of i-Ge was enriched with electrons, i.e.
the surface was biased positively, such a situation would
emerge if there were an extremum in the dependence
of the electrostatic potential of the semiconductor ¢
on the z coordinate. In this case, the electroreflection
signals that would be formed on the different sides of
the extremum would have the opposite phases, with the
phase of the spectrum being determined by the phase of
the largest signals.
In order to determine the coordinate dependence
of the electrostatic potential near the surface of a
semiinfinite crystal under stationary conditions, it is
necessary to solve the Poisson equation which looks in
the homogeneous case like
dmp(2)

o(z)
= 1
dz? egg (19)

where ¢ is the dielectric permittivity of vacuum, and
p(z) is the density of the space charge at a distance
z from the surface. That is, the z axis is directed in
parallel to both the electric field applied to the surface
and the propagation direction of the incident light. Since
the surface has been etched (surface charges are absent),
the charge density p(z) in our case equals

p(z) = e[p(z) — n(2)], (20)

where the nonequilibrium concentrations of holes, p(z),
and electrons, n(z), in the SCR look like

o) =niewp (<52 (21)
n(z) = n; exp (ei¥)> , (22)
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n; being the bulk concentration of electrons (or holes)
in the region beneath the SCR. Substituting Eqs. (20)—
(22) into Eq. (19), we find

d?p(2) _ 47Tenish ep(z)
dz? €€ KT )

(23)

If ep(z) < kT and provided the boundary conditions
o(2) =0, (24)

d
Fo—BB
dz
the shape of the potential barrier near the surface is
described by the exponential law, and the analytical

expression for it looks like [3]

zZ — 0

(25)

FL
p(z) = b exp (—z/Lp), (26)
where
ceokT 1/2
Lp = 27
P (871’6271,1') 27)

is the Debye screening length. The electric fields, at
which the electroreflection spectra were being measured,
were of the order of 10¢ — 108 V/m; therefore, this case
is not actual.

The surface concentration of the majority current
carriers n (in our case, electrons) equals

oo

n= /[n(z) - p(2)]dz

0

(28)

at a positive band bending. Let the value of F be
supposed constant, so that the potential profile o(z)
may be approximated by two linear sections

s — Fz, 0<z<ps/F,
e0={% pelF

z > s/ F,
Then, substituting Egs. (21), (22), and (29) into
Eq. (28), we obtain

(29)

vs/F

[Shw} s —

= 2n;

=" oo (55) row (-35) 2]

According to the boundary conditions, the electric
field equals

(30)

4men
F = .
EE€p

(31)
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Relations (30) and (31) result in the following expression
for the electric field in the near-surface layer of the
intrinsic semiconductor, provided that its surface is
enriched with electrons [8]:

_ kT eps eps 1/2
F=s oo (57) +e (-57) -2 - )
Here, the screening length Lp equals
ceokT 1/2
In = (47(62”) . (33)

Having introduced the notation ys; = eps/kT for the
dimensionless bending of energy bands (in our case,
ys > 0, because the bands are bent downwards), the
analytical expression for the determination of the electric
field value can be written down in the form

1/2

F = E[exp ys + exp(—ys) — 2] (34)

eLD
The obtained experimental spectra of electroreflection
were unipolar (Fig. 2). Therefore, the energies of electron
transitions By = 2.18 eV and E; + A1 = 2.35 eV
were determined according to the energy position of the
dominating extrema M and N, respectively. This implies
that the value of the spin-orbit splitting A; = 0.17 eV.
The polarization (tensor) anisotropy coefficient of the
electrooptical effect is defined as the ratio between the
electroreflection signals measured at the given directions
of the light wave polarization vectors:

(AR/R)e || [001]
(AR/R)e | [110]

S = (35)

It should be noted that the polarization anisotropy
coefficient depends on the energy of photons. For
example, S = 1.08 and 1.1, respectively, in the vicinity
of the dominating extrema M and N. In view of the
polarization (tensor) dependence of the electrooptical
effect, we separate the surface and bulk contributions to
the electroreflection signal. In doing so, we assume that
the surface component of electromodulation (AR/R); is
isotropic with respect to the light polarization vector,
and the bulk component (AR/R), is anisotropic. It is
true for the surface-related linear electrooptical effect in
a centrosymmetric cubic crystal [9], in the case of the
near-surface layer amorphism, and in a number of other
cases. For the light polarization e || [110], provided that
the assumption made is valid, we have

AR (AiASis-l-BiASiv) = <ﬁ> +<ﬁ> .(36)

R R R

2

=1
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24 eV

Fig. 3. Electroreflection spectrum from the chemically etched i-
Ge(110) surface for the light polarization direction e || [001] (1)
and its isotropic (2) and anisotropic (8) components

Then, for the light polarization vector e || [001], we can
write down that

2

AR
S <?> = ; (A;Agis + SoB;Agyy) =

—ﬁ+5ﬁ
“\r/),"°UR )

where Sy is the polarization anisotropy coefficient of the
bulk component of the electrooptical effect connected to
the Franz—Keldysh effect. Let us assume further that,
owing to the screening effect of the near-surface layer,
the criterion of a weak field is fulfilled in the specimen’s
volume, so that the coefficient Sy is constant over the
spectrum and amounts to about 1.3 [10]. Then, from
relations (36) and (37), we obtain

(37)

AR\  So—SAR
<?> “%-1 R’ (38)
AR S—1AR
(7)0— S%5-1 R (39)
In Fig. 3, the results of the separation of

the experimental electroreflection spectrum, which is
measured at the e || [001] polarization of a light
wave, into the surface (isotropic, curve 2) and bulk
(anisotropic, curve 8) components are depicted. By its
shape and the order of appearance of the dominating
extrema, the bulk component corresponds to the case
where the energy bands are bent upwards if one goes
towards the surface.

Values of the phenomenological parameter of
broadening T' for the E; and E; + A; transitions
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were found from the halfwidth of the bands in the
vicinity to the M or N extremum, respectively. In
our case, I' = 0.1015 eV for the transition FE;
and T' = 0.13 eV for the transition E; + A;. The
intensity of the electric field F = 2.2 x 107 V/m,
at which the experimental electroreflection spectra
were measured for two different directions of the
light polarization vector, was evaluated from the
measurements of the capacitance of the electrolyte—
germanium system. The value of the electrooptical
energy h# = 0.095 eV was found by analyzing the
experimental spectra (Fig. 2) on the basis of the Aspnes
extended electrooptical functions. The absence of the
Franz—Keldysh oscillations means that we have an
intermediate case where the electrooptical energy is
comparable with the phenomenological parameter of
broadening I'. Substituting the values of the electric
field intensity F' and the electrooptical energy hf quoted
above into formula (9), we calculated the reduced
effective mass p ~ 0.022mg for the considered optical
transitions.

The Debye screening length Lp calculated by
formula (33) was equal to 2.97 x 1077 m (go = 8.854 x
1072 F/m, ¢ = 16, and kT = 0.025 eV). The light
penetration depth calculated by formula (18) is varied
from 9.8 to 13 nm in the spectral range 1.9 — 2.5 eV.
This testifies to that the electric field can be regarded
constant across the thickness of the reflecting layer of
the crystal. It should be noted that the thickness of the
accumulation layer (the thickness of SCR) is governed
by the effective screening length L* which can be much
less than the screening length Ly provided that the band
bending is substantial. That is, if the near-surface layer
is enriched with majority current carriers, the volume
charge is concentrated just in the near-surface layer,
because the screening is performed in this case by its
majority carriers, i.e. by electrons (the band bending,
being resulted from the application of strong electric
fields to the surface of i-Ge, leads to the conductivity
of the n-type in the near-surface layer). The classical
value for the thickness of the accumulation layer can be
found by the formula [3]

2kT
T eF

*

(40)
In our case, L* = 2.25 nm.

Basing upon the Heisenberg uncertainty principle
for the energy E and the time t (AEAt > h) [11-
13], the relaxational effects of the light absorption

by a crystal can be described [3] by introducing the
phenomenological parameter of broadening I', which
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is connected to the time of energy relaxation of
photoinduced current carriers 7 by the relation I' = i/7.
This relation allows the values of 7 for the corresponding
electron transitions to be estimated making use of the
optical electroreflection method. For example, for the
i-Ge(110) surface with the concentration n; = 2 x
10 m™3, 1 = h/Ty =~ 6.48 x 10715 s for the optical
transition E;, and 7 = h/T's &~ 5.06 x 10715 s for the
optical transition E; + Aj.

Let us evaluate the de Broglie wavelength Agp of an
electron with the effective mass m} = 1.58my [14] and
the energy kT by the formula
Ap = o

v/ mikT [ h?

In our case, \qg = 6.15 nm. From here, one can
draw conclusion that the de Broglie wavelength was
comparable (being longer) with the thickness L* of the
accumulation region. Therefore, the sequence order of
the extrema that was observed experimentally should
represent the manifestation of quantum effects. There
was an extremum in the dependence of the electrostatic
potential ¢ of the semiconductor on the coordinate z,
at a distance of about L*. The results of the separation
of the surface and bulk components of electroreflection
obtained with the use of the polarization (tensor)
anisotropy of the electrooptical effect (Fig. 3), also
evidence for that. This extremum stemmed from the zero
value of the wave function of electrons at the surface
and/or from the action of the specular image forces.

The first reason is clear: we dealt with the
accumulation region, so that the de Broglie wavelength
of a quantum-mechanical particle that participated in
the optical transition was longer than the dimension
of SCR. The complex index of refraction N =
n + iy, which is responsible for the parameters
of the electroreflection signal and is defined by
the nonequilibrium concentration of current carriers,
varied within the near-surface layer under the given
circumstances. Therefore, the requirement for the wave
function of electrons to vanish at the surface (the
concentration of current carriers is defined, according
to quantum mechanics, as the square of the electron
wave function t(z)) results in the energy diagram of
the etched surface of i-Ge that is displayed in Fig. 4.

In work [15], the influence of the specular
image forces on the profile of the electrostatic
potential (z) was considered. The formulae, which
give the value of the image force potentials in a
three-layer system (semiconductor—oxide—electrolyte,
semiconductor—insulator—semiconductor, an so on; see

(41)
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4

Fig. 4. Schematic energy diagram of the etched i-Ge surface

Fig. 5), where calculated. They look like

‘J
612 61[122

(£21623)"
2a + 2nc — 2|

621523)
2a+2(n+1)c—2z]|

s = 2q f: (521523)n+
27 (e1+e2) “— [2nc + 2]

+€23 Z

(42)

521823)
43
+823Z2a+2n+1)c—z]} (43)
and
4qe > (€21
2 21€23)
= 44
s (1 +&2) (g2 +€3) Z: [2nc+ 2]’ (44)

where the subscript ¢ = 1,2,3 denotes the layer; ¢ is
the charge which is located in the semiconductor at a
distance a from the semiconductor—insulator interface (it
is known that there exists an own oxide on the surface
of a chemically etched semiconductor; for Ge, it can be
GeOy or GeO, i.e. insulator); ¢ is the thickness of the
insulator interlayer; £; is the dielectric permittivity of
the i-th layer medium;

- €1 — &2 ~ ~ €2 —€1
€12 = ———_— = —¢€21, €21 = _—
£1+ €2 €1+ €2
~ €2 —E3 . . €3 —€&9
€23 = ————— = —€32, €E32=_— .
E9 + €3 €2 + €3

The z axis is directed perpendicularly to the surface.
Therefore, the coordinates of the medium 1 — medium 2
and medium 2 — medium 3 interfaces are z = a and
z = a + ¢, respectively.
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€

Fig. 5. Semiconductor—oxide—electrolyte system. The dielectric
permittivities of the media equal €1, €2, and £3, respectively

5. Conclusions

On the basis of the quantitative analysis of the
electroreflection spectra of light waves with two different
polarizations e || [001] and e || [110] from the
chemically etched i-Ge (110) surface with a current
carrier concentration of 2 x 10! m~3, as well as from
the capacitance measurements of the Ge—electrolyte
system, the energies of the electron transitions E; and
E; + Ay, the amplitude of the spin-orbit splitting
Ay, the values of the near-surface electric field Fj,
the electrooptical energy h#, the reduced effective
mass u, the phenomenological parameters of broadening
'y and Ty for the considered optical transitions,
the corresponding times of current carrier energy
relaxation 7 and 73, and the classical thickness of
the accumulation layer L* have been determined. The
conclusion concerning the uniformity of the electric field
across the thickness of the reflecting layer of the crystal
has been made. The energy diagram of the etched i-Ge
surface has been revealed to contain an extremum. The
emergence of such an extremum has been attributed to
the zeroing of the electron wave function at the surface
and/or to the influence of specular image forces.
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JIOCJIJIXKEHHS [IPUTIOBEPXHEBOI'O
IIAPY HATIBIIPOBITHUKIB TA CTPYKTYP
HA IX OCHOBI METOJIOM MOJIYJIAIINHOL
CHEKTPOCKOIII EJIEKTPOBIJIBUTTS

O.1. Baacenko, I1.0. I'enyapv, JI.A. Jemuwuna
Peszmowme

IToka3zaHO MOXKJIMBOCTI BHKODHUCTAHHS MOZYJIANIAHO! CHEKTPO-
CKOIIiT eJIeKTPOBIAOUTTS /i JOCTiIKEHHST eJIeKTPOHHUX I[apa-
MeTpiB mOBepxHi HAMIBOPOBIAHWKIB Ta CTPYKTYyp HA IX OCHOBI,
a TaKOXK MeX MHOJiNy (a3 eJleKTPOIiT—HAIiBIPOBIJHUK, MeTaJI—
HamiBIPOBIJHUK. 3 BHKOPHCTAHHSIM MOJISPU3ANIHHOI (TEH30pHOL)
anizoTponil esIeKTPOONTHIHOrO e(PeKTy PO3/iIJIEHO BHECKHU IIOBEPX-
Hi i 06’eMy B cUTrHAJI e1eKTPoBigOUTTS. /lif0 METOIUKH BiTOKpeM-
JIEHHSI [IPOJIEMOHCTPOBAHO Ha MPUKJIAJ] CIIEKTPIB eJIeKTPOBig0uT-
Td PepMaHil0 3 BJIACHOIO mposigHicTio i-Ge(110), oTpuMaHux Ha
nepexomax E1, E1 + Ay (B cuexrpansrOMy aiamasoni 1,9—2,5 eB)
IpU HATIPSIMKaX BEKTOpa Tonspu3anii csitia e || [001] i e || [110]
Ta temneparypi 7' = 300 K. BusBseno, mo enepreru<na giarpa-
Ma TpaBieHOI moBepxHi i-Ge micTuth ekctpemyMm. IlogBy Takoro
€KCTPEMYMY MOSICHEHO HyJIbOBHM 3HAYEHHSM XBHJIbOBOI (byHKIT
€JIEKTDOHIB Ha mOBepxHi 1 (4u) Ai€r0 CHy J3epKaJbHOro BimoOpa-
JKEeHHS.
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