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SURFACE PHOTOVOLTAGE

SPECTROSCOPY RESEARCH OF SOLAR
SILICON RECOMBINATION PARAMETERS

Fundamental recombination parameters of a photosensitive solar silicon material have been
studied using the surface photovoltage spectroscopy. The method proposed is analyzed on the
basis of photosensitive silicon structures of four types: industrial photosensitive Si wafers
with the chemically etched (real) surface, structures with the implanted recombination-active
Fet impurity, SiO2-Si structures with the surface-induced inversion channel, and structures
with the diffused p—n junction. A comparison with the formulas obtained for the spectra of
direct, Vsc, and inverse, 1/Vsc, photovoltages in terms of the absorption coefficient k and its
reciprocal quantity 1/k is carried out. The surface and bulk recombination rates and the dis-
tributions of recombination-active impurities, structural technological impurities, and defects

in the near-surface charge region of solar silicon are calculated.
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1. Introduction

Recombination parameters of the photosensitive Si
material, as well as Si solar cells (SCs), have been
studied earlier at a lot of various laboratories, in par-
ticular, with the use of photovoltage spectroscopy [1-
11]. In modern SCs with front-side barriers, the sur-
face recombination is reduced, owing to its screening
by heavily doped thin layers, which form a recombi-
nation barrier for photo-induced charge carriers. The
surface recombination turns out to be more critical
in a number of other cases; namely, for novel “back
side” SCs (with the Swenson design, with a multilay-
ered structure, etc.), in which the illuminated surface
barrier is strongly affected by the aging and other
external factors. At the same time, the researches of
near-surface regions in the corresponding devices, as
well as in the solar Si material itself, are incomplete,
in particular, concerning the influence of the doped
surface layer, the defects inserted at the surface treat-
ment, the energy and depth distributions of traps
near the surface, the role of surface space charge, and
so forth. In this work, the attention is focused on the
consideration of the short-wave interval of photovolt-
age spectra, where the surface effects are the most
pronounced.
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2. Experimental Part

In order to obtain generalized conclusions, specimens
of the following four types were studied.

1. p-Si wafers 400 pm in thickness with the chemi-
cally etched (CP-4) “real” surface, which was charac-
terized by a relatively low density of surface states,
Nis < 5% 10" em™2, and a low surface recombination
rate, S ~ 102+10% cm/s.

2. The same material, but doped with Fe, by using
the ion implantation technique, to the concentration
Nis ~ 101 em™3 (see Fig. 1). Ion implantation was
used to fabricate a specimen with a well-determined
near-surface distribution of traps (an exposure dose
of 10 em™3 and the ion energy Eio, = 10° V/cm).

3. The SC with a p—n junction formed by applying
the standard technology of the thermal diffusion of
donor impurities.

4. The SC with an induced surface channel (the
Schottky layer) and covered with an Al grid contact
prepared by the vacuum evaporation. In this case,
the wafers were oxidized following the MIS technol-
ogy at rather low temperatures (800-900°C) in order
to avoid the growth of recombination losses and the
bulk doping [8,9]. The density of the surface charge
built-in into the SiOs layer reached a magnitude of
(1+5) x 10'2 cm™2 ~ 10'® em ™3, which gave rise to
the formation of a rather large depletion or inver-
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sion layer (the “surface channel”) and shallow p—n-
junctions about 107° c¢m in depth (Fig. 2).

In all cases, the specimens were doped with B to the
concentration p ~ 10*® em™3 (a resistivity of about
5 - cm, and the diffusion length of minority carriers
Lp ~ 20300 pm).

Spectral characteristics were measured using a
standard spectrometer SMP-3 at low light inten-
sities of 10'2+-10'* quantum/(cm?:s) in the visual
and UV spectral ranges, and at higher intensities of
10410 quantum/(cm?-s) in the near-IR and visi-
ble spectral ranges.

3. Theoretical Analysis and Discussion

The spectral characteristics of the specimens of all
types concerned are presented in Figs. 1 and 2 as
functions of the wavelength A and the absorption co-
efficient k. One can see that, in all cases, the photo-
voltage Vgc saturates within the A-interval from 500
to 800 nm, which is typical of Si-based materials. The
long-wave sides of the photovoltage spectra demon-
strate a smooth recession. This fact makes it possible,
using formula (1), to calculate the diffusion length of
minority charge carriers, Lp, and determine the de-
gree of its homogeneity over the surface.

The formula for Vo normalized by the plateau
value VZg looks like [1-4]

exp [—k Lsc] k Lp
Vao(k) = van |1 — SPITPESCll _ym H2D
so(k) = Vse 1+kLp SC1+kLp

(La)
or
_ kLp+1

Veo/V™)~! = ~
( SC/ ) 1+kLD—eXp[—k,Lsc]
~1+1/kLp. (1b)

The last relation gives the photovoltage dependence
on the inverse scale.

Expression (1) is a generalized Gartner formula [1-
3], which makes allowance for the bulk recombina-
tion and the recombination in the space charge region
(SCR) in terms of the diffusion length Lp = /7D
and the SCR width Lgc. The influence of the addi-
tional recombination in the SCR is described by the
negative term — exp(—k Lgc), which diminishes the
normalized photovoltage to 1 (its minimum value)
not at k_1 = 0, but at a certain value determined
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Fig. 1. Photovoltage spectra Vgc(A) for solar silicon wafers:
real (chemically etched) surfaces (1, 2) and a surface implanted
with FeT ions (3)
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Fig. 2. Photocurrent spectra I,n(\) for solar silicon speci-
mens with barriers: diffusion-fabricated p—n-barrier (1), sur-
face barrier SiO2-Si (2). The spectrum of the inverse photocur-
rent 1/I,,(1/k) for a diffusion solar cell with p—n-junction (8)

from the equation exp(—k Lgc) = k Lp, as one can
see from Fig. 3. Hence, those two formulas make it
possible to determine the diffusion length and the
screening width. For typical solar silicon, their val-
ues were obtained to equal (2+-10) x 1073 cm and
(0.1+1) x 10~* cm, respectively, which is in qual-
itative agreement with the results of electric mea-
surements.

The rates of surface, S, and bulk, V,,, recombina-
tion were calculated next. They were determined, by
using the formulas S = D/Lpg (in the other ap-
proximation, S ~ 1/ks7s) and V,, = D/Lp, respec-
tively. The surface diffusion length can be evaluated
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Fig. 3. Dependences of the inverse photovoltage on the inverse
adsorption coefficient: Fet-implanted surfaces (I and 2) and
real (chemically etched) surfaces (8 and 4)

from the slope of the initial section of a decreasing
interval in the right branch of the photovoltage spec-
trum, i.e. on the basis of the effective diffusion length
Ly (Fig. 3):

/L% =1/L%y +1/L3g.

Then, by analyzing curve I in Fig. 3, we obtained S =
= 10% ecm/s and V,, = 10* cm/s. The bulk recombi-
nation also dominates in all other typical structures
of solar silicon.

Now, let us consider the third, far short-wave, sec-
tion of the photovoltage spectrum, where a consid-
erable recession of the photovoltage is observed, as
the excitation approaches the surface (Figs. 1 and 2).
Here, the relation is also not obeyed, the recession is
observed, and the saturation also takes place at the
shortest wavelengths. Earlier, this section of the pho-
tovoltage spectrum was not analyzed because of the
deficiency of experimental data.

One of the reasons for the photovoltage reduc-
tion at short waves can have a methodical character,
namely, the violation of the linear (low-signal) regime,

A
Vsc = const —n, (2)
o

when the surface barrier changes logarithmically,
Vsc = const x In(1 + exp[—Ys] An/ng). (3)

For the inverse barrier, the magnitude of Vgc can
reach a maximum up to the energy gap value,

AYg = 2Up — InA,, =~ 2U = const. (4)
1038

Such a barrier variation, as was marked above, can
switch on new recombination-active levels and stim-
ulate a drastic photovoltage drop. However, an effect
with opposite action takes place simultaneously: the
SCR field decreases in the reduced barrier, as well
as the influence of recombination in the SCR. This
regime with a change in the excitation level is typi-
cal of SC devices. But, when measuring the spectral
characteristic Vsc(A), the linear (low-signal ) regime
is retained.

Finally, let us consider an expression for the inverse
photovoltage. Being written in terms of the inverse
thickness of the region of excitation of nonequilib-
rium charge carriers, x = 1/k()\), it allows one to
more conveniently distinguish different mechanisms
of photovoltage spectrum formation at short waves:

Vse ¢ Lp ng(z) Ry (2)

=0Vt =C 5
Vsc (N) s¢ KT J, e Ys —1 7 5)
where

KT (g5 +1) (e75 —1)
C=VE*=—J
SC e L ng' k™ %
exp (—k™ Lsc)
1 =2 7 e/

% ( 14+ kmLp ) (6)

k(X) is the experimentally determined function, Vg,
is the plateau value in the dependence Vsc (M), R(x)
the recombination rate, Jr the intensity of charge
carrier generation per unit volume and unit time,
no(z) the equilibrium concentration of charge car-
riers in the bulk, = 1/k is the depth of the re-
gion of generation of charge carriers, Lgc the effec-
tive width of the surface space charge region (typi-
cally, Lsc ~ 107°+107% cm), k the light absorption
coeflicient, Lp the bulk diffusion length of excited car-
riers, and gg the trap factor for photo-excited charge
carriers.

The total recombination probability includes the
recombination probabilities in the bulk, 1/7,, on the
surface, 1/7s = S/Ls, and in the near-surface layer,

1/7(x):

1 S 1 14 LSC
R= —_=—t — 4+ — 7
Zn LD+TU+ Te(z) (7)

where

Lsc
L= [ exp(-Y(2))ds, (8)

Lp
0
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Lsc

- / exp(—Y (2))/7(z)dz, (9)
0

Ys is the surface band bending in kT /e-units, L€
the factor of additional recombination in the SCR,
and S the surface recombination rate, which is rather
low (S ~ 102103 cm/s) in comparison with the bulk
one, V, = 103+10%.

Some of those quantities, e.g., ng and Jr,, are in-
dependent of the measurement regime in the typical
case of solar silicon, but the others depend on the
device parameters. So, let us consider the following
characteristics:

1) the surface recombination rate S,

2) Ni(x) describing the doping in the near-surface
region of the solar cell, which is determined by the
specific fabrication technology,

3) L3¢, which increases the magnitude of Vo due
to the SCR, and

4) technological factors such as mechanical and
chemical treatments.

4. Analysis of Experimental
Data and Discussion

Under typical conditions that solar silicon is sub-
jected to, the following main recombination mecha-
nisms govern the photovoltage parameters: the bulk
recombination with the rate V, = Lp/7,, the sur-
face recombination with the rate S = /D/7,, and
the recombination in the SCR with the rate L_. At
the depths x > Lp, we have V,, = const, whereas S
and L_ diminish to zero. However, near the surface,
7(x) can change owing to the SCR electric field and
the charge carrier diffusion. This is a result of the me-
chanical stresses and the segregation and the diffusion
of impurities (both implanted and intrinsic), which
give rise to the generation/relaxation of various de-
fects during technological treatments [10-12]. These
processes also depend strongly on the initial mate-
rial [13].

In a number of publications, those near-surface fac-
tors were combined into a phenomenologic surface re-
combination rate, which accepted unusually huge val-
ues (about 107+-10° cm/s) at calculations [7,8]. More
acceptable is a certain inhomogenetity near the sur-
face, which arises owing to the distribution of addi-
tional recombination centers in the near-surface layer

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 10

10
—o—L=10"cm 0
103': —‘—Lu=10'acm D/
2] ——L=10"cm
1073 —o—Lz=101 cm D/
10" 4 oo~
/ Lt>1 <>/
1) itz C OIS .he SR v
] <>/
1074 Lt<1 1
<>/ ++/
2]
10 //}y// +///
3
1074 & ///’
10" //i —— ey
0 2 6 8 10 12 14
Ys, kT/e

Fig. 4. Dependences of L, on the band bending Yg for various
diffusion lengths

and the influence of the SCR field [1-4,9, 14]. Let us
consider those factors in more details.

The recombination in the SCR is illustrated in
Fig. 4. It becomes substantial when the band bend-
ing is large enough, Ygo > Up, where Up is the
Fermi energy in the bulk. This quantity was evalu-
ated theoretically, by using formulas (8) and (9) (see
Fig. 4). As was mentioned above, the illumination in-
tensities I ~ (0.1+10)Isoc, which correspond to the
injection levels An = I, 7, ~ 10'® cm™3, are typical
of SC devices. In other words, we have a nonlinear
regime (An/ng ~ 1). Hence, under the typical con-
ditions of solar cell operation, the recombination in
the SCR is negligibly low (curve I in Fig. 3). As a re-
sult, for a typical solar silicon material and in the case
of the photo-sensitive p—n-transition (the data are il-
lustrated in Figs. 1, 2, and 5), the bulk recombina-
tion and the recombination in a narrow near-surface
layer dominate, as a rule. The depth of the near-
surface layer can even exceed the SCR width at that
(x > 3 pm).

Figure 5 exhibits the inverse photovoltage spec-
tra as functions of the inverse coordinates for spec-
imens of all analyzed types. The Fe-doped specimens
demonstrate a moderate depletion with the band
bending so ~ —Up ~ TkT/e and the Fe distribu-
tion characterized by the density N ~ 5 x 106 cm~2
and a penetration depth of about 10™° cm, which
is in qualitative agreement with calculations. A dis-
tribution “tail” of about 5 x 10™* ecm™2 is observed
at deeper distances from the surface, which we as-
sociate with defects rapidly diffusing along the in-
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Fig. 5. Dependences of the inverse photovoltage 1/Vsc on the
light absorption depth 1/k for specimens of various types

tergrain boundaries in the polycrystalline material
[15-17].

Undoped specimens demonstrate a low depletion
with the band bending Yso < 7kT/e. A small reduc-
tion of Vgc may be induced by the influence of surface
impurities, which is typical of silicon oxidized at low
temperatures [5].

Figure 5 also illustrates a drastic drop in the de-
pendence of the inverse Vgc on the light penetration
depth for a standard diffused p—n-junction. Namely,
the V5o signal decreases by more than two orders of
magnitude in the short-wave region. A large drop at
a distance of about 10~° cm takes place owing to the
surface recombination, the medium part of the drop
is associated with the recombination in the developed
SCR of the p—n-junction, and the long “tail” is a result
of the disturbed part of the crystal volume localized
near the surface of a device.

5. Conclusion

Using a generalized theory for the inverse photovolt-
age spectra, which involves a number of important
factors such as the surface and bulk recombinations,
diffusion length Lp, spatial distribution Ny(x) of re-
combination centers near the surface, parameters of
recombination in the SCR (the band bending Yg and
the SCR width), light adsorption coefficient k&, and
light adsorption depth = 1/k, a method is proposed
to calculate the electrical parameters of the silicon
material and structures fabricated from solar silicon:
thin-film structures, test device structures (MOS and
with a diffusion channel), and ion-doped structures.
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B.T. Jlumosuenko

JOCJIII>KEHHS PEKOMBIHALIIMTHIX
ITAPAMETPIB COHSYHOI'O KPEMHIIO METOJOM
CIIEKTPOCKOIIII IIOBEPXHEBOI ®OTO-EPC

Pesowme

Meto/1oM KOMOIHOBAHOI MOBEPXHEBOI CIIEKTPOCKOIIT (hoTO-epC
Visc(A) mocaimpkeno dbynmamenTanbai pekoMbiHaniisi napame-
Tpu POTOUYTIMBOTO COHSIHOIO KPEMHIEBOrO Marepiamy. 3a-
MIPOIIOHOBAHUI METOJT IPOAHAJII30BAHO Ha MPUKJIAI] 4-X THIIO-
BUX KPEMHIEBUX CTPYKTyp: 1) IUIACTMHEH NIPOMHCJIOBOro ¢ho-
TOYYTJIMBOTO KPEMHIIO 3 XIMIYHO TpPaBJIeHOIO (PEabHOIO) MO-
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BEpXHEIO; 2) CTPYKTYPH 3 IMIIAHTOBAHOIO peKOMOiHAIiHO-
akTuBHOW0 gomimkoro (FeT); 3) crpyxrypm SiO2—Si 3 dbpon-
TQJIbHAM IHBEPCHUM KaHAJOM; 4) cTpyKTypu 3 mudysifiHum
p—n-niepexoroM. lIpoBeneno mnopiBHsAHHA 3 opMyIamMu s
Pi3HUX aKTyaJIbHUX BHUIIQJIKiB, a caMe IS CHEKTPIB IIPAMUX
Ta 3BoporHuX doro-epc Vgco, 1/Vsc B KoopaumHaTax mpsiMo-
ro ta obepHeHoro koedinienra nornmuHanusa k ta 1/k. Pospa-
XOBAHO HACTYIHI PEKOMOIHAIIHI XapaKTEePUCTUKUA COHSIYHO-
ro KpEeMHIIO: IIBHJIKOCTI IIOBEPXHEBOI Ta 06’€MHOI peKoMmbi-
Hanit S Ta V,; KoopAuHAIiilHa 3aJIE2KHICTh MPUIIOBEPXHEBUX
PEKOMOIHAIIHHO-aKTUBHUX JOMIIIIOK Ta CTPYKTYPHHX TEXHO-
JIOPIYHUX JOMIIIOK Ta /edeKTiB B 00JIacTi MPUIIOBEPXHEBOIO

IIPOCTOPOBOIO 3aPsiy.
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