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The contribution of the real (preliminary chemically etched) (110) surface of n-Ge into
electroreflectance effect (energy range 1.9-2.6 eV) basing on polarization anisotropy of
electrooptical effect has been separated under assumption that the surface electroreflec-
tance component is isotropic while the bulk component of electroreflectance is anisotropic
with respect to the light polarization vector orientation. The influence of the surface state
on the anisotropic electroreflectance spectra, form changes of the subsurface potential
barrier and internal mechanical stresses after mechanical polishing have been considered.
Electron parameters of the n-Ge(110) subsurface layer are determined.

Pasnenen BKiaa peasbHOU (IpegBapUTeNbHO XMMUYECKN TPaBJEHHON) nmosepxHocTu n-Ge
(110) B adpderT asmeKkTpooTparKkeHus (sHeprernueckuil mpmamason 1,9-2,6 sB) ¢ mcmoabsosa-
HUEM IOJAPU3AINOHHON (TeH30PHOM) aHM30TPOINH JIEKTPOONITUUYECKOro adpheKTa B IPEIO-
JIOKEHUM, YTO IIOBEPXHOCTHAS COCTABJISIONIAS 9JIEKTPOOTPAKEHMs M30TPOIIHA, a O0beMHas
COCTABJIAOIIAA JIEKTPOOTPANKEHNSI AHUB30TPOIIHA OTHOCHUTEJIbHO OPHUEHTAIMKA BEKTOPA IIOJIS-
pusanuu CBeTOBOIl BOJIHBI. IIpoaHANM3UPOBAHO BJIMSHUE COCTOSHHUS IIOBEPXHOCTH Ha AHM30-
TPOIIHBLIE CIIEKTPHI 9JI€KTPOOTPAKEHNUS, N3MeHeHrne (POPMBI IIPUIIOBEPXHOCTHOI'O IIOTEHI[NAJb-
HOro 0apnepa M BHYTPEHHMX MEXAaHMUYECKHX HAIIPSKEHHH [10Cje MeXaHNYeCKOU IIOJHUPOBKH.
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OnpeesieHbl 9JI€KTPOHHEBIE ITapaMeTpPhl Npunosepxuocraoro ciosa n-Ge(110).

The thickness of layer which forms the
electroreflection signal (observed in singu-
lar points of Brillouin zone) is defined by
the penetration depth of electric field and
light. The use of electroreflectance modula-
tion spectroscopy enables to study the elec-
tron phenomena in subsurface layers and to
judge their structural perfection. Recently,
a great attention is given to of the surface
characteristic investigations of semiconduc-
tors and semiconductor structures [1, 2].
This is connected with the fact that geome-
try of the elements of modern electronic
devices is such that the surface (surface
layers) and interfaces (metal-semiconductor,
semiconductor-semiconductor, etc.) play a
decisive role in their performance. The
functional possibilities of the electronic de-
vices are defined also by the internal me-
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chanical stresses in crystals. Additional
data on surface are provided by the elec-
troreflection anisotropy measurements
which enable to separate the surface and
bulk contributions into electroreflection sig-
nal [3, 4]. This work presents the results of
such separation taking the real (preliminary
chemically etched) surface of n-Ge(110) as
an example. The work purpose is to study
the changes in the subsurface layer of n-Ge
during structural disordering, and also ac-
companying peculiarities in electromodula-
tion spectra.

The electroreflectance spectra of the
chemically etched and mechanically polished
surface of n-Ge(110) with electron concen-
tration 1018 ecm™3 were measured using the
electrolytic method at the first modulation
harmonic frequency f= 2.2 kHz at room
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Fig. 1. Electroreflectance spectra (I, 2) for etched (a) and mechanically polished (b) n-Ge(110)
surface with concentratjon n = 1018 ¢m™3. Constant bias —0.3 V. Modulation 15 mV (a), 300 mV
(b). Polarization vector e || [001] (curve 1), e || [110] (curve 2).

temperature (T = 300 K) and transitions
E,, E;{+A; (in the 1.9-2.6 eV spectral
range) at the directions of the light polari-
zation vector e || [001] and e || [110]. The
electric field applied to the single crystal
and incident light were mutually parallel
and directed perpendicular to the (110) sur-
face. As an electrolyte, the buffer solution
0.1 M KyS0,:0.025 M Nay,HPO,:0.025 M
KH,PO, was used. To slow down the electro-
chemical reaction rates at the Ge electrolyte
surface, low potentials enriching the sur-
face in electrons were applied to the sample.
The constant bias applied to the sample was
controlled against the reference saturated
calomel electrode. The threshold sensitivity
of the measurements consisted 5-107%, and
spectral resolution 8:1073 eV. The mechani-
cal polishing was carried out using fine-
grained diamond paste.

In Fig. 1, presented are the electroreflec-
tance spectra obtained for the etched
(Fig. 1a) and mechanically polished (Fig. 1b)
surface of n-Ge(110) with donor concentra-
tion n=10!% cm™3 with bands bending
which enrich surface in electrons and direc-
tions of light polarization e || [001] (curve
1) and e || [110] (curve 2). In electroreflec-
tion spectra of etched n-Ge surfaces, each
critical point in doublet E;, E; + A; corre-
spond to the two opposite in sign extrema
(Fig. 1a). Mechanical polishing of the n-Ge
surface results in unipolar spectra with
weakened extrema anisotropy (Fig. 1b).

Electroreflection signals for chemically
etched as well as for mechanically polished
n-Ge(110) surface of with concentration
n =101%8 em 3 have approximately equal
amplitudes (with respect to zero), but spec-
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tra for the mechanically polished surface
were obtained at modulation 20 times big-
ger than that used for chemically etched
surface. As is known, the peak amplitude
must increase at increasing modulation volt-
age [5]. Thus, this experiment shows an es-
sential influence of the long-range order on
the formation of critical points in the re-
duced state density of germanium.

By using the polarization (tensor) de-
pendence of the electrooptical effect it is
possible to separate the contribution of the
surface and volume to the electroreflectance
signal in the supposition that the surface
contribution of the electromodulation
(AR/R)g is isotropic with respect to the
light polarization vector, while the volume
component (AR/R); is anisotropic. This is
realized if the linear electrooptical effect in
center-symmetrical cubic crystal is present
[6], at amorphization of the subsurface
layer and for some other cases. With such
assumptions, we have for light polarization
e | [110]

2

(1)
AR AR AR
? = El(AiASis + BiASiv) = {?js + {F}V

Thus, for the light polarization vector
direction e || [001], it is possible to write:

N ()
i=1

8
R ) v

where S is the polarization anisotropy coef-
ficient of the volume component of elec-
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Fig. 2. Bulk electroreflectance component
(AR/R);, (Keldysh-Franz effect) (curve I) and
surface electroreflectance component (AR/R)g
(curve 2) for n-Ge(110) with concentration of
electrons n = 1018 cm™3. Dependences were
obtained using the polarization (tenzor) de-
pendence of the electrooptical effect.

trooptical effect for which the Keldysh-
Frantz effect is responsible. Let the the
weak field criterium be assumed to be real-
ized [7] due to screening action of the sub-
surface layer in the bulk, thus, the S; is
constant over the whole spectrum and is the
same for real and imaginary parts of Agy
[8]. From (1-2) relations, we get

{MJ_SO‘SM ®
R)y So-1 R’
[szs—lﬁ 4)
R), Sy-1 R

The polarization anisotropy coefficient
for the volume component of electrooptical
effect S is

9 my, + 2m (5)
78 m,+m

For germanium, m;=1.58 m;
0.082 mg [9], thus, S is 1.3.

In this work, the separation method of
surface and volume electroreflection compo-
nents is applied to the real (preliminary
etched) n-Ge(110) surface. In Fig. 2, the
separation results of the electroreflection sur-
face component (curve 2) and bulk component
(curve 1) for chemically etched surface.

Results concerning separation of the sur-
face and bulk components of the electrore-
flectance for real (preliminary chemically
etched) n-Ge(110) surface (Fig. 2) have
shown that the electroreflectance bulk com-
ponent of (AR/R)y, agrees well in shape and

mt=
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Fig. 3. DiffAerence electroreflAectance spectra
K = (AR/R)e | [001] - (AR/R)e || [110] for two
directions of light polarization vector:
¢||[[001] and ¢||[110] for n-Ge(110) with the
electron concentration 7 = 1018 ecm™3 ob-
tained using experimental results presented
in Fig. la.

energy positions of peaks \lvith _dependence
of (AR/R)e || [001] - (AR/R)e || [110] on pho-

ton energies E = fio (Fig. 3) and with meas-
ured electroreflectance spectra in the region
of weak enrichment of the n-Ge(110) sur-
face in electrons at the specified directions
of light polarization vector (Fig. la). This
result supports the legitimacy of the used
model for the separation of surface elec-
troreflectance component (AR/R)g and the
bulk one (AR/R)y.

The obtained experimental electroreflec-
tance spectra for the n-Ge(110) samples with
the electron concentration n = 1018 ecm=3 in
the region of weak enrichment in electrons
correspond in shape and alternation order
of the dominating extrema to the situation
when energy bands in the direction are
sloped down towards to the surface. This
means that surface layers of GeO, or GeO
do not cause any structural gettering and
that the electron wave function on the sur-
face y(z), which is equal to zero is not pro-
nounced in the experiment conditions.

It is to note that the electroreflectance
spectra for the mechanically polished sur-
face is mainly positioned in the negative
part with respect to zero, that is, the rela-
tive change of the reflectance ability of the
n-Ge(110) single crystal in electric field
(AR/R) (E,F)<0, except for the high energy
region. Such behavior of the electroreflec-
tance spectra can be explained by the pres-
ence of the extremum in the electrostatic
potential y dependence on coordinate z. In
such case, the electroreflectance signals
formed at different sides of extremum are

Functional materials, 16, 3, 2009



O.1.Vlasenko et al. / Study of surface influence ...

opposite in phase, the electroreflectance sig-
nal phase being defined by the phase of the
largest of those signals. This can be consid-
ered as an evidence of donor gettering near
the polished n-Ge(110) surface. Let be noted
that the effect of the electroreflectance sig-
nals formed at both sides from extremum
on the y(z) dependence shows that redun-
dantly doped layer formed during polishing
does not exceed in thickness the volume
screening depth. The redundant donor con-
centration near the polished n-Ge(110) sur-
face is estimated from Poisson equation,
taking into account that the Fermi level in
the region of extremum moves into c-band
and values d2y(z)/dz2 < 0. Using this proce-
dure for the sample with n = 1018 cm™3,
AN ;>5-101% em™3 was found. The accumula-
tion of donors near the polished n-Ge(110)
surface explains the electrooptical effect of
band filling (electric analog of Burstein-
Moss effect), which operates in parallel with
the effect of interband tunneling (Keldysh-
Franz effect).

The light penetration depth in the 1.9-
2.6 eV energy region changes from 9.4 nm
(for E = 2.6 eV) to 12.9 nm (for E = 1.9 eV).
The electric field penetration depth of the
can be estimated according to [10] using
expression Ly, = (ggkT/e?n)1/2. In our case,
L2D is 4.73 nm (¢ =16.2; gy = 8.854-10
12'F/m). Thus, electric field along 2z coordi-
nate being perpendicular to the surface and
extending into the sample depth is non-uni-
form. According to the theory, when we op-
erate in the region of the surface layer en-
richment in the majority charge carriers,
the electric field is changing according to
the exponential law F = Feexp(-LD/z). By
considering the experimental electroreflec-
tance spectra for the chemically etched n-
Ge(110) surface (Fig. 1a) using Eure funec-
tions of complex variable, which take into
account the optical spectra broadening (de-
pendence of argument 1 on the pheno-
menoclogical broadening parameter I') con-
nected with the time of charge carriers en-
ergy relaxation 1 as well as the non-uniformity
of the modulation field F, the electron parame-
ters for n-Ge were found to be E; = 2.11 eV;
E;+A; =231 eV; 70=2386.41-10"3 eV;
I'=0.067 eV.

It is to note that the enriched layer
(space charge region) thickness is defined by
the effective screening length L that in the
case of enriching band bending may differ
from screening length L. That is, in the
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case of the subsurface layer enrichment in
majority charge carriers, the volume charge
is concentrated just in the subsurface layer,
because in this case, the screening is
povided by the majority charge carriers,
that is, electrons. The classical thickness of
enriched layer can be found using expres-
sion L = 2kT/eF [5]. The electric field can
be found using Poisson equation under as-
sumption that all donor impurities are ion-
ized [5, 10, 11]

d?y(z) _eNp (6)

2 ’
dz €0E

where z is the coordinate perpendicular to
the electrolyte-semiconductor interface; ¢,
Ge dielectric constant; Ny, concentration of
the ionized impurities;

tp N N
e e
F = I Ddz = D
€0E €ge

(Lp—2)

z

and this implies that the surface field F|
equals F, = F,_; = (eNp/ege)Lp.

The surface electric field F, calculated for
the sample with concentration 1018 em™3 is
5.28-108 V/m. Thus, the classical thickness
of enriched layer L is 9.47 nm. Knowing
the values of surface electric field and elec-
trooptical energy, it is possible to estimate
the values of the reduced effective mass p
for the specified optical transitions. In our
case, 1 = 0.022 mg. Let us determine char-
acteristic for the Keldysh-Franz effect pa-

rameter Agp (Agp = 70/eF,) with the length
defining the extent of wave function oscilla-
tions at the reduced mass p in the uniform
electric field F, (wavelength of electron with

70 energy). That parameter is 6.9-1079 m.
The mechanical polishing by the fine-
grained diamond pastes results in the change
of n-Ge electron parameters: E; = 2.15 eV;
E;+A;=2.35eV; I'=0.107 eV. Using the
Heisenberg uncertainty principle for energy

E and time ¢t (AE-At > 1), the relaxation ef-

fects during light absorption in crystals are
described [5] by phenomenological parame-

ter of broadening I', which is connected with
energy relaxation time 1t of the photogener-

ated charge carriers by relation I' = #/t. This
expression enables to estimate 1 values for
the respective electronic transitions using
the optical electroreflection method. For n-
Ge(110) with the concentration n =
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1018 ¢m~3, for optical transitions E, and E,

+ At =R/T = 9.82:10715 s (for etched sur-
face) and 1 = 6.15.10715 s (for mechanically
polished one). Let us evaluate de Broglie
wavelength App of electron with the effec-

tive mass equal to m”, = 1.58 m, [12] and

energy kT using the expression
7\,DB = 2n In our case, 7\,DB =
.Zm’,'*Lli’,T/h2

6.15 nm. It is possible to conclude that de
Broglie wavelength App is exceeds the
screening length L but is smaller that the
the enriched layer thickness L.

Proceeding from the results obtained, let
the internal mechanical stresses be esti-
mated which arise during mechanical pol-
ishing of the specified crystals. At hydro-
static pressure P, the electron transition en-
ergy change AE; = (a,—ay)AV/V [10], where
ac and ay are deformation potentials of the
conduction and valence bands, respectively;
AV/V, the relative volume change which can
be written as AV/V = -3AP(S;; + 2519),
where S;; and 28, are the elasticity tensor
components related to those of rigidity tensor
Cy; and C;5 as (S11+2812)’1 = C111+2Cy,.
Using the above expressions, we obtain

AE, -3(ac — ay) )
AP~ (Cyq + 2Cq0)

For Ge, (ag—ay)=-12 eV; Cy4 =
1.285-1011 Pa; Clz=0.483~1011 Pa [10].
Using these values, we obtain the value of
transition energy change coefficient of for
Ge at hydrostatic pressure AE;/AP=
1.599:107 1%V /Pa. The estimation of the
change of internal mechanical stresses in
n-Ge at AE; = 0.04 eV gives value of AP =

2.5-108 Pa.
For uniaxial contraction in [111] direc-
tion,
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AE; 1 1,1 (8)

— dSyy=—-—=d =~
P N3 UM NB T Cyy

where d is deformation shear potential of shift;
Cyy, rigidity modulus (d=-5 eV; Cy =
0.68:1011 Pa for Ge [10]). In this -case,

AE{/AP = 0.425-1071%V/Pa, and the change of
the internal mechanical stresses during me-
chanical polishing at AE; =0.04 eV is
9.41-108 Pa. Thus, as a result of mechanical
polishing of n-Ge(110) samples, the mechanical
stresses in n-Ge(110) are changed by the mean
value between 2.5.108 Pa (hydrostatic pressure)
and 9.41.10% Pa (uniaxial pressure for [111]
direction), that is by 5.95.108 Pa.
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HocaigkeHHsaA BILJIMBY IOBEPXHi
HA CIEKTpHU ejeKTpoBimouBamua n-Ge(110)
Ta IX MOJAPHU3ALMINHY aHI30TPOIIiI0

O.1.Bnacenko, I1.0.'enyapv, O.B.Cmponcovrui

BigoxkpemiieHO BHECOK peasibHOI (momepeqHbo xXimiuxo Tpasienoi) mosepxui n-Ge(110) B
edeKT eleKTpoBizOuBaHHA (eHepreTmuHuii giamason 1,9—2,6 eB) Ha ocHOBI moaapusariiinol
(TensopHoi) aHizoTpomii eleKTpoonTUYHOrO ePeKTy y NPUNYIIeHHi, 110 TOBEepPXHEBa CKJALO-
Ba ejlekTpoBinbusanua (AR/R)g (3a AKy Hece BiamosimanbhicTs ninifiHuit erexTpoonTUUHUM
edekr, mo moB’ssanuil 3 moBepxHeio n-Ge(l10))-isorpomma, a o6’eMHaA CKJIaJOBA eJIeK-
TpoBigOuBaHHA (3a AKY Hece BigmoBimanbHicTh edext Kempuma-Ppanma) — aHizsoTpomHa
BigHOCHO opieHTalii BekTOpa mnosdpusallii cBitsoBol xBuji. IIpoananisoBaHo BHJIWB cTaHy
TIOBEPXHI HA aHi30TPONHi CHEKTPU eJIeKTPOBiAOMBaHHA, 3MiHY (POpMU IIPUIIOBEPXHEBOTO IIO-
TeHI[iaJbHOTO 0ap’epy Ta BHYTPINIHiX MeXaHiUYHUX HANPYKeHb IiCJIA MeXaHiuHOl MOJipOBKHU.
BusnaueHno ejeKTpoHHI mapamerpu npumnosepxHeBoro mrapy n-Ge(110).
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