Chapter 2

Luminescent Study of Recombination
Processes in the Single-Crystal Silicon
and Silicon Structures Fabricated Using
High-Efficiency Solar Cell Technology

A.M. Emel’yanov

Abstract Some results of the author’s researches in the last decade of the
luminescence in the region of the fundamental absorption edge (edge lumines-
cence) of the single-crystal silicon (c-Si), including structures which were made
using high-efficiency solar cell technology, are summarized and systematized. This
chapter presents experimental evidences and justifications of the dominant mecha-
nism of radiative recombination in c-Si and of the dependence of the intensity of the
edge luminescence on the intensity of its excitation. Considerable consideration is
given to the study of recombination parameters at high excitation intensities of the
edge luminescence in the structures fabricated using high-efficiency solar cell
technology.

1 Introduction

Single-crystal silicon (c-Si) is a nondirect-gap semiconductor and, therefore, has
been regarded as an inefficient source of luminescence during many decades. But
relatively recently it was experimentally demonstrated that in c-Si it is possible to
achieve the edge luminescence external quantum efficiencies (#.,,) Which are very
high in magnitude for the class of indirect-gap semiconductors (by edge lumines-
cence it is meant luminescence in the region of the fundamental absorption edge).
As far as we know, the present-day record parameter at room temperature is
Next = 6 % for photoluminescence (PL) of c-Si with no p—n junction [1]. A value
Next = 0.6 % [2] for electroluminescence (EL) of Si-based light-emitting diodes
(LEDs) at room temperature for the first time was achieved in [2]. In the case of EL,
such value of 7., was obtained for p—n junctions in c-Si structures fabricated by the
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high-efficiency solar cell technology. The large values of #.,, make it possible to
use the edge luminescence of c-Si in Si-based optoelectronic devices. The author of
this work some years ago achieved high values of the integrated edge EL power and
the emissive power per unit surface area for LEDs, fabricated using high-efficiency
solar cell technology. This defines one of the reasons of interest in the investigations
described below.

The efficiency of the edge luminescence of c-Si depends on the effective lifetime of
minority charge carriers (7) and their diffusion length (Lp) (i.e., the parameters
defining the characteristics of many semiconductor devices including solar cells).
Therefore, in the last few years, a large number of studies, in which the parameters of
edge luminescence of c-Si were used to determine the lifetime 7 or the diffusion length
Lp, the distribution of 7 or L over the area of semiconductor wafers at different stages
of device fabrication, and the dependence of 7 or Ly, on the concentration of minority
charge carriers, have been published (see, e.g., [3—12]). The PL measurements present
contactless techniques, and, according to [3], PL and EL techniques are most sensitive
for determining the effective lifetimes. In addition, the authors of [3, 4] state that, in
contrast to the photoconductivity measurements widely used to determine lifetimes,
the quasi-steady-state luminescence technique is practically insensitive to the space
charge region (SCR) in the single crystal and, in the cases of practical importance, to
the capture of minority charge carriers by trapping centers. According to the descrip-
tion of products of the world-famous firm Hamamatsu, “detection of luminescence
signals from wafer, solar cells and solar panels have become major techniques for
characterization and quality inspection.” Hamamatsu offers a complete “lumines-
cence analysis system” as well as individual cameras for luminescence imaging.

In a basis of luminescent methods for determining = and Lp, lies the dependence
of the radiative recombination rate in a unit volume of semiconductor (R) on the
free carrier concentration. In general, this dependence is determined by the mecha-
nism of radiative recombination. But earlier in opinion of the author there were
no convincing experimental proofs of the mechanism of radiative recombination
in c-Si at room temperature. Such views were based on theoretical estimates.
In accordance with them at room temperature dominate or the radiative recombi-
nation of free charge carriers (see for example [13]), or approximately equal the
contributions of the radiative recombination of free charge carriers and free
excitons (see for example the review of the literature in [15]). Usually the depen-
dence of the radiative recombination rate R on the concentrations of free electrons
(n) and holes (p) is described by the formula

R = Bnp, (2.1)

where B—radiative recombination coefficient. At a relatively small » and p, B not
depend on n and p (see for example [13]). But with the growth of n and/or p,
according to the calculations of some researchers, it may vary. This change at the
various mechanisms of the radiative recombination can be due to various reasons
and therefore be described by various dependences. For example, the authors of
work [13] associated decrease of B with screening of Coulomb interaction among
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the free carriers. At the exciton mechanism of radiative recombination the value
R is determined by the formula

R = nCX/TeX9 (22)

where 7.,—radiative lifetime of excitons and n.,—concentration of free excitons.
According to the results of [14], n., may depend on the concentration of free charge
carriers due to screening of Coulomb interaction among charge carriers in excitons.
This effect can also influence the value of B. Proved by the author of the present
work in recent years the representations of the dominant mechanism of radiative
recombination via free excitons in c-Si in a wide range of temperatures (including
room temperatures) are the second reason of interest in the investigations presented
below.

The distinguishing features of present work from similar works of other
researchers are using a significantly higher intensity of luminescence excitation,
especially manufacturing structures and in some cases combined impact on the
structure of the two sources of luminescence excitation. For example it was shown
that the linear or close-to-linear portions of the dependences of the edge lumines-
cence intensity of c-Si on the luminescence excitation intensity under high injection
levels are caused by the existence of linear or close-to-linear portions of the
dependences of the free exciton concentration on the free carrier concentration at
sufficiently high free carrier concentrations. Under these conditions the value of
R cannot be described by formula (2.1). This is the third major reason of interest to
the research results shown below.

In this work the results of the works first published in [15-22, 34] by publisher
«Pleiades Publishing, Inc.» http://www.maikonline.com, http://www.maik.ru are
summarized and combined.

2 Experimental Details

For the measurement of the EL and PL spectra, the light emitted from a surface of
sample was focused by a system of lenses onto the entrance slit of a monochromator
and detected at the exit with an uncooled InGaAs diode. The spectra were corrected
for the spectral characteristic of the photodetector and the entire optical tract. The
EL and PL kinetics was measured using a Ge or a Si photodetector operating at
room temperature, which provided a time constant of ~1 ps in response to a
rectangular pulse of light. The EL was excited by voltage pulses with a repetition
frequency about 30 Hz applied to the c-Si diode. The pulses had a rectangular shape
with a width of 0.1-5 ms and the pulse rise and fall times shorter than 1 ps. The
maximum pumping forward current pulse amplitude was 18 A. At the PL measur-
ing the input window of the detector was covered with a Si filter to protect it from
laser radiation. To excite the PL signal in the pulse mode of experiments, we used
mainly a laser emitting at the wavelength 1 = 658 nm (with the exception of some


http://www.maikonline.com/
http://www.maik.ru/

62 A.M. Emel’yanov

special experiments). In some cases, we used a semiconductor laser emitting at the
wavelength 4 = 0.98 pm. Laser radiation was focused on the center of the sample
to form a spot of diameter d = 1-1.5 mm. The laser pulses were rectangular in
shape, the duration of the pulses was 0.6—1 ms, the rise time and decay time were
shorter than 1 ps, and the repetition interval was 50 ms. The pulse duration chosen
for the experiments practically provided the conditions for quasi-steady-state PL at
the end of the pulse.

For determined 7.5, at EL the LED radiation power was measured using a Ge
photodiode (Hamamatsu B5170-50) with the known area Sy, and sensitivity K in
the spectral range under consideration. The photodetector was situated at a distance
of Ly, =25 cm from the emitting surface and oriented perpendicular to this
surface. The photodiode current Y, was measured, and the output radiation
power was calculated using the formula

W = 27Lp Y pn /KSphM. (2.3)

We introduced the empirical coefficient M = 1.7, which took into account the
nonisotropic distribution of emission from a textured crystal surface within a
hemisphere at a given distance L, from the LED. This coefficient was empirically
determined from the results of measurements of Y, as a function of the angle
between the normal to the sample surface and the direction to the sensitive area of
the Ge photodetector [18].

The value 7., was calculated as the ratio of the number of quanta (N,,) emitted
by the LED per unit time (N,, = W/hv,,, where hv,, is the quantum energy at the
maximum of their energy distribution) to the number (Nj,,) of minority carriers
injected into the LED base per unit time (Nj,j = Y/q, where Y is the forward current
and q is the elementary charge). To determine the values of 7.y at PL. we used the
procedure described above, with the only difference being that the number of PL
photons emitting per unit time was normalized to the number of photons of laser
radiation (Nj,e) incident on the sample surface per unit time (Ni,g = P/hvy), where
P is the quasi-steady-state laser radiation power and Ay is the photon energy of
laser radiation).

During measurements of the emission intensity distribution over the LED area,
the samples were placed in the field of view of a microscope. The diameter of the
microscope field of view on the emitting surface was about 0.5 mm. The germa-
nium photodiode was placed in front of the eyepiece of the microscope.

When measuring the laser-induced free carrier absorption, the sample was
illuminated from the front side by an incandescent lamp. On the opposite side of
laser beam incidence, a germanium photodiode was placed, whose photodetecting
area was covered by a thin (~0.5 mm) polished wafer of single-crystal germanium.
Thus, the laser-induced free carrier absorption at wavelengths of the fundamental
absorption edge of Ge was experimentally studied. The free carrier absorbance was
determined by changes in the photodiode current during the laser irradiation pulses.

Analysis of the literature has shown that the c-Si LED with the highest efficiency
and power was earlier described in [2]. This diode had a large emitting area of



2 Luminescent Study of Recombination Processes in the Single-Crystal Silicon. . . 63

~4 cm? (in fact, a forward-biased high-efficiency solar cell was used). At the highest
currents studied in [2] (~0.2 A), the diode provided, according to our estimates, up
to ~1.8 mW of power (W) emitted by the entire surface area of the diode and,
accordingly, up to ~0.45 mW/cm?” of average emitted power per unit area (P). In
the present study, c-Si LEDs fabricated using the technology described in [2] were
examined, but measurements were performed up to currents at which the decrease
in the minority carrier lifetime, caused by Auger recombination, becomes impor-
tant. Making the area of the structures smaller by cutting a larger area solar cell
enabled a significant increase in P, and brought the emitting area closer to that
typical of commercial LEDs of other types, whose emission can be readily focused
(in contrast to that of large solar cells) on an illuminated object of a comparatively
small-size photodetector area. Because of the increase in the working current,
W could be substantially raised. In the present study the LEDs were produced
from a silicon solar cell of dimensions 3.5 x 6 cm” fabricated on a single-crystal
p-Si (~1 Q cm) wafer. Its design and fabrication technology, described in [2],
provided a combination of a low density of nonradiative recombination centers,
low areas of n* and p* contacts, and special surface texturing for a considerable
increase in the ratio between the external and internal quantum efficiencies of EL
and PL [2]. In addition to the texturing and an antireflection coating, the face
surface of the Si wafer contained thin heavily doped n™ strips formed with a step
of about 1 mm in parallel to the smaller side of the solar cell. From above, these
bands were metallized and interconnected by a metallic busbar at the wafer edge.
The Si LEDs studied were fabricated by cutting a solar cell. Most of the
measurements were performed on three rectangular structures with faces parallel
or perpendicular to the long sides of metallized n*-layers. The structure with area
S1 =09 x 0.95 = 0.85 cm? (sample §;) contained nine 9-mm-long metallized
strips of n*—p junctions which were not interconnected by a metallic busbar, in
contrast to the structure described in [2]. The structure with area S, = 0.4 x 0.25
= 0.1 cm? (sample S,) corresponded in design to that shown in Fig. 2.1 of [2] and
contained two metallized strips of n*—p junctions connected by a metallic busbar.
The area of the emitting (unmetallized) surface of this LED was s = 0.055 cm?. We
also have studied an LED structure of rectangular shape with an area of S5 = 12 cm?
(sample S3) and the edges parallel and perpendicular to the long sides of metallized
(3 cm long) n™—p junctions not connected by a metal busbar. The use of such a long
n*—p junction allowed us to minimize the influence of nonradiative recombination
centers formed along the cuts. In order to exclude the effect of such centers present
near the lines of cutting parallel to the metalized n*-bands, the measurement was
performed on the n*—p junctions spaced more than 1.5 cm from these lines.

PL together with free carrier absorption was studied using a non-textured n-Si
wafer 0.35 mm thick thermally oxidized in dry oxygen (20 € cm), oriented in the
(1 00) plane. Thermal oxidation passivated the silicon surface to prevent significant
surface recombination.

In a number of experiments for studies of the edge luminescence laws industrial
c-Si diodes in which the part of the case has been removed for a lead-out of
radiation from edge area of diode have been used.
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Fig. 2.1 Normalized spectra of the edge luminescence (a) and spectra for their derivatives (b) of
c-Si at room temperature (294 K) for the diodes with surface texturing (curve 1) and without it
(curve 2). The vertical straight lines 3 and 4 indicate the photon energies which correspond to the
absorption edge at 294 K involving single-TO phonons and with free exciton generation (3) and
absorption edge involving single-TO phonons and with free carrier generation (4)

3 The Spectrum and Basic Laws of the Edge Luminescence
in the Single-Crystal Silicon

Measured at relatively small currents (not causing heating of diodes) the
normalized spectra of the edge luminescence of c-Si at room temperature (294 K)
for the diodes with surface texturing by technology [2] (curve /) and without
surface texturing (curve 2) are submitted in Fig. 2.1a. A distinction of the curve
1 and the curve 2 is connected to various conditions of radiation exit. The basic
edge luminescence peak of c-Si is commonly interpreted as being due to radiative
recombination with emission of solitary transverse optical (TO) phonons. In addi-
tion, it is believed that a relatively minor contribution to the spectrum is made by
radiative transitions with absorption of phonons, participation of two or larger
number of TO phonons in recombination events, and participation of other
phonons. In this work, we use the results of [23] as reference data. In [23] the
band gap c-Si (E, = 1.1242 eV at 300 K) as well as the temperature dependence of
E, were determined from the experimental absorption spectra of c-Si. The TO
phonon energy emitted in the recombination event (E,, = 57.3 meV for the basic
peak) and the binding energy of free excitons (E.x = 14.7 meV) were taken from
[23] too.

In the work [17] the differential method of the analysis of spectra of the edge
luminescence of semiconductors has been offered. It has allowed to show most
evidently that the prevailing mechanism of edge radiative recombination in Si
single crystals in a wide temperature region, including room temperature, is
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Fig. 2.2 The experimental edge EL spectra of c-Si (/) and the Maxwell distributions (2) with
peaks at the absorption edges corresponding to the formation of free excitons and solitary TO
phonons at 7 = 80 K (a) and T = 300 K (b) [17]

annihilation of free excitons. For the first time this conclusion has been made by the
author of the present work in [15] and then confirmed by the experiments published
in [16]. Figure 2.1b shows the spectra for the derivatives of the curves / and 2 from
Fig. 2.1a. The vertical straight lines 3 and 4 indicate the photon energies which,
according to the fundamental absorption measurements for c-Si [23], correspond to
the absorption edge at 294 K involving single-TO phonons and with free exciton
generation (2.3) and absorption edge involving single-TO phonons and with free
carrier generation (2.4). According to the technique for analyzing the derivatives of
the edge luminescence spectra, described below, the main spectral maxima
observed are caused by the radiative recombination of free excitons in silicon
involving TO phonons. Note that the dominant role of the radiative recombination
in c-Si via free excitons near the temperature of liquid nitrogen is well known and
needs no proof.

If edge radiative recombination is due to the annihilation of free excitons, the
shape of the spectral curve is bound to be defined by the Maxwell distribution of the
number of excitons 7., with the kinetic energy E:

nex (E) = AE®Sexp(—E/kT). (2.4)

Here, A is a coefficient independent of E, T is temperature, and & is the Boltzmann
constant. The expression of the derivative dn.,/dE, where n., is determined by
(2.4), has a maximum at £ = 0 (the derivative tends to infinity). Consequently, if
the spectrum is described by formula (2.4), we can determine the photon energy
corresponding to E = 0 from the position of the maximum of the derivative in
(2.4). The experimental edge luminescence spectra of c-Si cannot be described by
formula (2.4), at least at T = 80-300 K (see Fig. 2.2).
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This may be caused by several factors, specifically (1) the self-absorption of
emission in the short-wavelength region and (2) the superposition of some other
peaks. In addition, as can be seen from (2.2), this can be attributed to the depen-
dence of the radiative lifetime of excitons (z.y) on their kinetic energy. From (2.2),
it is evident that the function R(E) is similar to 7., (E) only if 7., = const. However,
the last mentioned condition seems to be rather improbable, since for the radiative
recombination event to occur in indirect-gap semiconductors in certain conditions,
it is necessary that the exciton should interact with a phonon (or an impurity atom,
as in the case of the SiGe alloy). However, the probability of satisfying these
conditions is bound to depend on the exciton kinetic energy. To date, the depen-
dence 7.(E) practically has not been studied. Therefore, whether or not the position
of the maximum of the derivative of the R(E) = n., (E)/7x(E) spectral curve
coincides with the photon energy corresponding to £ = 0 can be judged only
from comparison of the experimental position of this maximum with the experi-
mentally determined absorption edge for free excitons. This is what is done in this
study. In accordance with (2.2), the derivative dR/dE is described by the expression

dR /AE = (dney /dE) [Tex — Nex (dTex /AE) /Tex”. (2.5)

As follows from the analysis of formula (2.5), the position of the maximum of
dR/dE can be inconsistent with £ = 0 if 7. (E = 0) is infinitely large. Infinitely
large 7.x(E = 0) would mean that the radiative annihilation of excitons with £ = 0
is practically impossible. To date, this effect has not been theoretically understood.
It can lead to shift of the maximum of the derivative in the direction of high
photon’s energy. The absence of such significant shift under different conditions
of the emission output of the samples (Fig. 2.1b) indicates that at using of the
differential method of analysis of the luminescence spectra this effect can usually
be ignored. Such coincidence of the positions of the maximums of the derivative
with the absorption edge defined by free excitons and the lack of pronounced
maximums near the intersections of curves / and 2 with straight lines 4 on
Fig. 2.1b support the conclusion [15] that the prevailing mechanism of radiative
recombination in c-Si at room temperature is the phonon-assisted radiative annihi-
lation of free excitons. The above model notions require that 7., would be smaller
by more than two orders of magnitude than the radiative lifetime of free charge
carriers (). Such a considerable difference between 7., and 7; can be related to the
fact that the average distance between free carriers in the experiments was more
than Bohr radius of exciton (rg = 4.2 nm). In addition, radiative recombination in
c-Si requires a certain correlation in the mutual arrangement of electron, hole, and
phonon, which is most probably realized in the case of recombination via excitons.

The authors of [24-26] drew a similar conclusion for the prevailing mechanism
of edge radiative recombination in SiGe alloys. Previously, the conclusion that the
prevailing mechanism of edge luminescence at room temperature is annihilation of
free excitons was drawn in a study of the luminescence spectra of another semicon-
ductor, GaP [27]. In [28], it was proved that, at room temperature, radiative
recombination in the region of the fundamental absorption edge of silicon carbide
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Fig. 2.3 (a) Dependences of the total intensity of the edge PL (/) and radiation absorption in the
sample by free carriers AW, on the laser radiation power P incident on the sample (2) [21]. (b)
Measured at different P the kinetics of the PL intensity decay in the linear region of the
dependence of the PL intensity on P

occurs via annihilation of free excitons. All semiconductors explored in the
abovementioned studies are indirect-gap materials with binding energies of free
excitons ~6 meV and higher. From the aforesaid studies, we can infer that, in the
region of the fundamental absorption edge of all indirect-gap semiconductors with
no defect-related luminescence, radiative recombination via the annihilation of free
excitons prevails in a wide temperature range, including room temperature (in spite
of the relatively low concentration of excitons, as compared to the concentration of
free charge carriers at room temperature).

In the work [21] the edge PL intensity and the change of absorption by free
charge carriers, depending on the power (P) of the laser radiation causing these
effects, were measured in the same place of the thermally oxidized c-Si. Figure 2.3a
(data 1) shows the dependence of the structure’s edge PL intensity on the laser
radiation power incident on the sample. We can see the almost linear dependence of
the edge PL intensity on P but only after the initial superlinear region. The kinetics
of the order of magnitude decay of the PL in the linear region of the dependence of
the PL intensity on P was approximated by an exponential function with a time
constant, which was almost independent of P (Fig. 2.3b).

In [21] the dependences of the number of laser-induced free minority carriers on
P were studied. To this end, the absorbance of infrared radiation from the silicon
conduction band by free carriers was measured. The data of such measurements
were processed using the theory published in [29] and improved by the author,
taking into account features of the present experiments. The radiation power Wy
incident on the sample from the region of the fundamental absorption edge of
germanium is related to the power W, passed through the wafer as
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Wi =Wo(1—R;)(1 —Ry)exp(—kL) [1 + Ry*exp(—2kL)], (2.6)

where R is the reflectance from the outer sample surface, R, is the reflectance of
radiation incident on the silicon surface from the inside, L is the silicon wafer
thickness, and k is the effective absorbing coefficient by free carriers. Expanding
the exponential functions in expression (2.2) in series, taking into account the
smallness of kL (<0.005 according to estimations), we obtain

Wo—Wi=Wo[l—(1—R)(1—Ra)(1 —kL)][1 + Ry* — kL2R,?] 27)
= AW, + AW, (kL) = AW, + Wo(1 — Ry) (1 — Ry) (1 + 3R,%)kL. @
According to the above conditions for measuring the free carrier absorbance, the
quantity AW, caused by free carrier generation is proportional to the Ge photodiode
photocurrent pulse amplitude measured using an oscilloscope under pulsed laser
exposure. As can be seen from (2.7), the quantity AW, is also proportional to kL.
The results of experimental studies are shown in Fig. 2.3a (dependence 2). The
quantity AW, caused by free carrier generation almost linearly depended on P in the
whole studied P range. The theoretical expression for kL considering the nonuni-
form distribution of free carriers over the silicon wafer thickness is given by [29]

L
K = Ja(x)dx, 2.8)
0

where « is the absorbing coefficient of free carriers and x is the distance from the
irradiated Si surface. The value of « is determined by the formula [29]

a(x) = o, Ap(x), 2.9

where Ap(x) is the change in the hole concentration due to laser irradiation, oy, . p is
the total cross section of electron and hole absorption at the probe light wavelength,
and o, p, = 2 X 10~"7 cm? for the spectral composition of the light (1.8-2.5 pm)
used in [28], which is close to that in the Ge fundamental absorption edge region
used in this study. The kinetic measurements of the carrier lifetime in the sample
under study allowed us to determine the carrier diffusion length (L,) which was
approximately equal to the silicon wafer thickness. In view of this fact and the
circumstance that the penetration depth of a major fraction of the used laser beam
radiation into silicon did not exceed 1 % of this value, we calculated Ap(x) using the
formula [30] describing the carrier distribution over the thickness of the thin diode
base with a blocking contact to the base:

Ap(x) = Ap,cosh[(x — L) /L,] /cosh(L/L,), (2.10)
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where Ap; is the concentration of free holes (generated by the laser beam in this
study) near the silicon surface, where x = 0. Substituting (2.10) and (2.9) by (2.8),
we obtain

kL = 6,+p Ap,Lytanh(L/L,). 2.11)

According to [30], Ap; can be determined by the formula
Ap, = pPL,/D,, (2.12)

where f is the coefficient independent of L, and D, is the hole diffusion coefficient.
Then, substituting (2.12) by (2.11), taking into account L, = (rpDI,)O'5 , we obtain

KL = 6y BPeytanh L/ (Dyz,) "] 2.13)

Thus, if AW, (and, according to (2.7), kL) depends linearly on P, the linear
behavior of recombination follows from (2.13), at which the hole lifetime 7, is
independent of P. The linear behavior of recombination is also independently
confirmed by measurements of the PL decay kinetics in the linear portion of
curve / in Fig. 2.3a. Since the time of reaching the equilibrium exciton concentra-
tion is significantly smaller than 7, the independence of the order of magnitude
decay time constant for the PL intensity of P means also the 7, independence of P.
In the case of the linear behavior of recombination, it follows from (2.10), (2.12),
and

L
P= yJ Ap(x)dx/z, (2.14)
0

(where y is a factor) that Ap(x) are proportional to P. At the same time, it follows
from the above that n.(x) are also proportional to P. Indeed, at the same 7.y, the
edge PL power entering the photodetecting area from the unit volume depends on
the distance between the emitting volume and the sample surface. This is due to
edge PL self-absorption in silicon. The unchanged shape of the normalized PL
spectrum as P varies in the linear portion of curve means that a change in the
distribution function of free excitons with P is reduced to only a proportional
change in n.4(x) for all distances from the sample surface. Accordingly, n.x(x) are
proportional to Ap(x). Figure 2.4 shows the results of studies at room temperature
the edge EL of the industrial diode with area of ~3 mm? and a donor impurity
concentration in the base ~10'* cm?. We can see the almost linear dependence of
the edge EL intensity on current after the initial superlinear region. According to
Fig. 2.4b on the linear portion of the dependence the lifetime of the charge carriers
is independent of the intensity of the luminescence excitation (current value).
At sufficiently high currents after the linear region sublinear region, in which
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there is a more rapid initial intensity decay kinetics of EL, is observed. This may be
due to the fact that at such currents in addition to Shockley—Read—Hall recombina-
tion Auger recombination begins to have a significant influence.

It is well known that for low injection levels, when the concentration of minority
carriers injected from the p—n junction or generated by radiation is significantly
lower than the dopant concentration, explanation of the linear regions within the
existing theoretical concepts does not present difficulties. But according to the
author’s estimations, the close-to-linear dependence of the PL intensity on P and
EL intensity on current (accordingly, n., on Ap(x)) in the samples under study
began at average hole concentrations of ~(1-2) x 10'® cm—>. Because the specific
resistance of thermally oxidized n-Si wafer was 20 Q cm and donor impurity
concentration in the LED’s base ~10'# cmz, at such concentrations conditions of
high injection levels (when the concentration of minority carriers is significantly
higher than the dopant concentration) took place. The above results showed that the
linear or the close-to-linear portions of the dependences of the edge luminescence
intensity of c-Si on the luminescence excitation intensity under conditions of
high injection levels are caused by radiative recombination predominantly via
free excitons and by the existence of linear or close-to-linear portions of the
dependences of the free exciton concentration on free carrier concentration at
the sufficiently high free carrier concentrations. The results presented show that
at sufficiently high concentrations of free charge carriers (for example, greater than
~(1-2) x 10'® cm73), (2.1) cannot be used to describe the rate of radiative recom-
bination in c-Si. According to the experiments in this case the dependence of the
rate of radiative recombination on the concentration of free electrons or holes
should be described by a linear function and does not depend on the concentration
of free charge carriers of opposite sign. Note also that as calculated in [13]
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dependence of B on the concentration of free charge carriers does not explain the
linear sections of the dependences of the EL and PL intensity on the excitation
intensity, as it is not sufficiently strong. Similarly, the effect of screening taking into
account that in [14] is not sufficiently strong to explain the experimental results.
The presented results of researches allow to expand opportunities of luminescent
methods of definition of c-Si parameters (for example, 7 and Lp) on the area of high
levels of injection and high intensities of the luminescence excitation. Earlier it was
impossible due to the lack of the adequate description of the dependence of the
radiative recombination rate R on the concentrations of free charge carriers for
considered area of free charge carrier concentrations.

4 Near-Band-Edge Electroluminescence in Silicon
Light-Emitting Structures Fabricated Using
High-Efficiency Solar Cell Technology

Figure 2.5 shows EL spectrums of the diode S,, measured at room temperature
(a) and 80 K (b), at different forward currents and normalized to the maximum
intensity. At room temperature up to currents ~6.5 A, changes in the spectrum upon
an increase in the current are insignificant. An analysis of the long-wavelength part
of the EL spectrum at the currents not more than 6.5 A demonstrated the predomi-
nance of the TO phonon-assisted radiative recombination of free excitons. The
distortion of the spectrum at the current of 10 A is possibly due to heating of the
sample by the flowing current. In addition, the mechanism of radiative recombina-
tion can change at sufficiently high free carrier concentrations: the radiative recom-
bination of an electron-hole plasma may become important.
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Fig. 2.5 EL spectrums of the diode with area S,, measured at different forward currents at room
temperature [18] (a) and 80 K [22] (b)
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Fig. 2.6 (a) Difference (6E,) between the photon energy corresponding to half the maximum of
the normalized EL intensity on the long-wavelength side of the peak and the value of this photon
energy at a current of 0.002 A as a function of the square of current (¥?) and the dependence of the
change (6E,) in the band gap width of c-Si on the increase (AT) in temperature relative to 80 K
(data from [23]). (b) Current dependence of the integrated LED edge EL power measured at 300 K
(1-3) and 80 K (4). 1,4—to sample S,, 2—to sample S;, 3—to sample S (data from [18, 19, 22])

At 80 K the position of the maximum of the wavelength distribution (4,,.x) 1S
almost the same over the entire range of currents studied. The half-width of the
spectra also remains almost unchanged for currents ¥ < 1.2 A. At currents exceed-
ing 1.2 A, the spectra are significantly broadened and, accordingly, the area under
the spectral curves (Sp) increases. At a current of 12 A, the area under the spectral
curve in Fig. 2.5b is approximately twofold greater than that at currents smaller than
1.2 A. The wavelength A,,,,x = 1.13 pm and the spectral half-width 0.018-0.020 pm
(at currents smaller than 1.2 A) coincide (to within experimental error) with the
respective quantities measured earlier for Si LEDs without a surface texture. Such
EL peaks are usually interpreted as being due to radiative recombination of free
excitons in c-Si with the formation of a single-TO phonon. In addition, the EL
spectrum contains relatively small contributions from radiative transitions of
excitons with absorption of a phonon and with involvement of two or more TO
phonons and other phonons. At currents exceeding 1.2 A, the EL spectra are
observed to broaden to both longer and shorter wavelengths and the broadening
increases with current. Figure 2.6a shows the difference (6F;) between the photon
energy corresponding to half the maximum of the normalized EL intensity on the
long-wavelength side of the peak and the value of this photon energy at a current of
0.002 A as a function of the square of current (Y?). The difference SE, increases
with the square of current following a sublinear law. The reason why the quantity
OF is plotted as a function of the square of current will become apparent later
on. We have shown that the broadening of the EL spectra of the high-efficiency c-Si
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LED studied is caused by the change of the EL mechanism rather than by the
heating effect of the current passing through the LED. Indeed, the contribution of
heating to the spectrum broadening can be revealed by analyzing the c-Si EL
spectra at different temperatures (see, e.g., [2]). As the temperature of c-Si LEDs
increases above 80 K, the EL spectra are usually broadened to both shorter and
longer wavelengths. The broadening to longer wavelengths is usually due to a
decrease in the band gap width (E,) of silicon. According to [22], the change in
E, (Fig. 2.6a) and the change in the photon energy corresponding to half the
maximum of the normalized EL intensity on the long-wavelength side of
the peak (at least in the range 80-200 K) exhibit a superlinear dependence on the
increase in temperature relative to 80 K (Fig. 2.6a). However, according to theoret-
ical estimates [31], the current dependence of the difference between the tempera-
ture of an LED attached to a cold finger and the temperature of the cold finger
follows a square law. Therefore, the sublinear dependence of 6E; on the square of
current and, hence, on temperature (Fig. 2.6a) is inconsistent with the assumption
that the broadening of the EL spectra is due to the heating effect of the current
passing through the LED. This assumption is also inconsistent with the small
duration of current pulses, the large pulse period-to-pulse duration ratio, and good
heat-removing conditions.

It was shown in [22] that the mechanism of radiative recombination can change
at sufficiently high free carrier and exciton concentrations: the radiative recombi-
nation of an electron-hole plasma may become important. Figure 2.6b shows the
integrated radiation power (over the entire spectral range studied) emitted by an
LED at 300 and 80 K into a hemisphere as a function of current. The initial small
nonlinear segments are seen to be followed by an almost linear dependence, which,
in turn, is followed by long sublinear segments. At 80 K and a maximum current of
12 A, the LED radiation power W = 11 mW. This value corresponds to a record
area-averaged radiation power per unit surface area Py = 0.2 W/cm? for c-Si LEDs
(edge luminescence and other types of luminescence), which is more than threefold
greater than the value of P, obtained for the same LED at 300 K at a pulsed current
of 10 A [2]. At the same current (10 A), the value of Py at 80 K is also almost
threefold greater than that at 300 K. Pumped by a pulsed current of 18 A, the LED
S3 (see graph 4 in Fig. 2.6b) showed a record high power of the near-band-edge
electroluminescence at room temperature (~46 mW).

The current dependences of the external EL quantum efficiency that measured
the samples at 80 and 300 K are presented in Fig. 2.7a. These curves are seen to
exhibit a maximum. The reasons why the efficiency 7.4, decreases with increasing
current at 300 K were analyzed in [18]. It was shown in [18] that the decrease in 7.,
with an increase in current is mainly due to the occurrence of Auger recombination,
which is added to nonradiative recombination by the Shockley—Read—Hall mecha-
nism operating at smaller currents as well. This assumption is confirmed by data on
the kinetics of EL decay at various currents, which are presented in Figs. 2.7b and
2.8. For the maximum 7., the EL intensity decay by an order of magnitude is well
described by an exponent with a characteristic decay time (z4) (maximum of 380 ps
for sample S5, Fig. 2.8b, curve). On the descending parts of the 7.y, curves, the EL.
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Fig. 2.7 (a) Current dependences of the LED external quantum efficiency measured at 300 K
(1-3) and 80 K (4). 1,4—to sample S5, 2—to sample S;, 3—to sample S3. (b) LED EL kinetics at
80 K for two different values of the current (to sample S,) [22]
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Fig. 2.8 LED EL kinetics at 300 K for two different values of the current: (a) to sample S; [18],
(b) to sample S5 [19]

intensity decay kinetics is described by an exponent with the same z4 only after the
initial, more rapid decay (Figs. 2.7b and 2.8, curves 2), that is, after a decrease in the
carrier density to a level where the Auger recombination becomes insignificant.
Another reason (apart from Auger recombination) for the observed behavior of 7.y,
with increasing current at 80 K is the significant broadening of the EL spectra, as
seen from Fig. 2.5b. As can be seen from Figs. 2.6b and 2.7a, the area of the sample
by means of its cutting decreases significantly radiating power and the external EL
quantum efficiency of the LEDs. This may be connected with formation of the
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Fig. 2.9 Normalized distribution of the near-band-edge EL relative to the axis along (a) and
perpendicular (in the center) (b) to the long side of the n*—p junction [19]

centers of nonradiative recombination near the lines of cutting. The influence of the
nonradiative recombination near the lines of cutting appears in EL intensity decay
near the lines of cutting (see Fig. 2.9a). EL intensity decay perpendicular to p—n
junction in Fig. 2.9b is determined by diffusion length of minority charge carriers
and by lateral extension of radiation in the sample.

5 The Edge Photoluminescence and Nonradiative
Recombination in Single-Crystal Silicon with a p-n
Junction: Structures Produced by High-Efficiency Solar
Cell Technology

The studies of the edge PL were made at room temperature for the structure of the
design which corresponded to that shown in Fig. 2.1 in [2]. The nonmetallized
surface area of the structure was S, = 0.3 x 0.4 = 0.12 cm?. Laser radiation was
focused on the center of the sample to form a spot of diameter d = 1 mm.
Figure 2.10a illustrates the kinetics of the edge PL at different laser radiation
powers P at the laser wavelength 4 = 658 nm. The experimental points
corresponding to the rise in the PL intensity with time () well fit the dependence

Yoo =YpL max[l — exp(—t/rr)}, (2.15)
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Fig. 2.10 (a) The kinetics of PL at zero external voltage and at different laser radiation powers
(expressed in mW and indicated near curves). (b) Dependences of the quasi-steady-state PL
intensity Yppmax and the PL rise and decay time constants 7, and 74 on the bypass resistance
R (P = 60 mW) [20]

where 7, is the rise time constant and Ypy . 1S the quasi-steady-state PL intensity.
The portions of experimental curves corresponding to the PL decay can be
described by the expression

YpL = YpL maxeXp(—1t/74), (2.16)

where 74 is the decay time constant. In Fig. 2.10a, the quantities 7, and 74 differ
widely in magnitude. The value of 7, is practically independent of P and
corresponds to ~140 ps. In the range of laser radiation powers used in the study,
the value of 74 increases with P from ~60 to ~75 ps. According to formula (2.15),
the value of 7, corresponds to the time (7 ¢3), in which the increasing PL intensity
reaches approximately a 0.63 fraction of the maximum intensity [32]. A consider-
able excess 7q 63 Of over 74 has been already observed in the previous studies of edge
EL in Si-based LEDs [33]. However, in [33], this difference was attributed mainly
to the time delay of establishment of the quasi-steady-state current. Such an
interpretation is inapplicable to the results of this study, since the quasi-steady-
state laser radiation intensity is achieved here in a time shorter than 3 ps. In order to
gain an insight into the causes of the large difference between 7, and 7,4, we carried
out experiments in which forward and back DC voltages were applied across the
structure simultaneously exposed to pulsed laser radiation. Modulation of the quasi-
steady-state edge PL intensity in such a structure under variations in the voltage
across the p—n junction was first demonstrated elsewhere [34]. Upon application of
voltages, the p—n junction of the structure is bypassed to a certain extent by the
internal resistance of the voltage source. For this reason, we initially studied the
effect of the bypassing resistance (R) on the parameters of PL of the structure.



2 Luminescent Study of Recombination Processes in the Single-Crystal Silicon. . . 77

a 920 : . b : —_— .
06l M
e
0.12¢
CIL.)— N 04}F ¥ 1 4
ES % v 2
(0]
£ 0.08f < 22
—
* 02 -—xhg |
0.04 + o 1,
—+—38 /
0.00 0.0 i % i
0 20 40 60
P, mW P, mW

Fig. 2.11 (a) Plots of PL pulse power versus exciting laser radiation power P at 1 = 658 nm for
various direct currents: 0 (1), 6 (2), 9.3 (3), 16 (4), and 22.6 mA (5) and reverse-bias voltages:
0(1),4.2(6),9.3(7),12.8(8),and 17.6 V (9) [34]. (b) Plots of the external quantum efficiency #ex,
versus exciting laser radiation power P for various direct currents: 22.6 (1), 16 (2), 9.3 (3), 6 (4),
and 0 mA (5) and reverse-bias voltages: 0 (5), 4.2 (6), 9.3 (7), and 12.8 V (8) [34]

Figure 2.10b shows the dependences of the PL intensity and the quantities 7z, and 74
onR at P = 60 mW. From Fig. 2.10b, it can be seen that, as R is decreased to values
smaller than 1 kQ, the PL intensity Yp; max and the time constants 7z, and 74
drastically decrease. Therefore, in all of the experiments described below, the
internal resistance of the voltage source was chosen in the range 1.2-1.4 kQ.
Connection of such resistance only negligibly changed the PL intensity.

Figure 2.11a (curve /) shows the dependence of the quasi-steady-state edge PL
peak intensity on P at zero external voltage and 4 = 658 nm. In these conditions,
the quasi-steady-state PL external quantum efficiency steadily increases with P,
starting from some threshold value of P and tending to saturate at 7.5, = 0.4 % (the
dependences 7.4, (P) at different forward currents and back voltages are shown in
Fig. 2.11b). In curve [ in Fig. 2.11a, we can distinguish three portions. In the first
portion, no PL signal was detected at the achieved sensitivity level of the recording
system. Starting from some threshold value of P, the PL intensity Ypp nmax first
increases superlinearly with P and then approaches a practically linear dependence.
Estimations show that, for the structure and the experimental system used here, the
quasi-steady-state PL technique in the mode of measuring described in publications
cannot be applied to the determination of the effective lifetimes at laser radiation
densities lower than ~1 W cm? primarily because of the lack of the PL signal.
Figure 2.11a shows also the dependences of the PL intensity on the laser radiation
power P at four forward currents (curves 2-5). With increasing forward current, the
threshold power P at which the PL signal becomes evident decreases and the
dependences Yp max (P) become more and more closer to linear functions. Corre-
spondingly, the quantum efficiency 7.y, increases (see Fig. 2.1b). At the current
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Fig. 2.12 (a) Dependences of the quasi-steady-state PL intensity on the laser radiation power at
A = 0.98 pum. Curves 1-6 refer to the dependences at (3) zero external voltage, (/, 2) the forward
currents (2) 7.5 and (/) 24 mA, and (4, 5, 6) the reverse voltages (4) 7.5, (5) 14.5, and (6) 20 V
[20]. (b) Dependences of the quasi-steady-state PL intensity (/) and the PL rise (2) and decay (3)
time constants on the forward current for sample S, [20]

23 mA, 7ex, is almost independent of P and corresponds to ~0.6 %. A DC reverse
voltage applied to the sample decreases the PL intensity (see curves 6-9 in
Fig. 2.11b) and, correspondingly, the quantum efficiency 7.y In this case, the
threshold power P behaves inversely: it increases, and the increase is more notice-
able at higher reverse voltages. As the reverse DC voltage is increased, we observe
a decrease in the PL decay time constant. Based on the results of studies of edge EL
in c-Si [35], the author of [34] suggested that one of the possible causes of the effect
of modulation of the edge PL, when excited by laser radiation at the wavelength
A = 658 nm, under variations in the voltage across the p—n junction was a change in
the width of the SCR. It was noted that this effect could be due to the fact that the
excitation radiation intensity became e times lower in intensity at a small depth
(about 2.5 um) comparable to the SCR penetration depth. To verify this assumption,
we studied the effect of modulation of the edge PL power in c-Si by varying
the voltage across the p—n junction on excitation of PL by laser radiation at
A = 0.98 pm. In c-Si, radiation at this wavelength is attenuated by a factor of e at
amuch larger depth (about 100 pm). The results are shown in Fig. 2.12a. The results
are qualitatively similar to those shown in Fig. 2.11a. Consequently, the penetration
depth of laser radiation in the samples is of no principal significance for observation
of the effect of modulation of edge PL.

Figure 2.12b shows the dependences of the quasi-steady-state PL intensity and
the PL rise and decay time constants on the forward current for the sample exposed
to laser radiation pulses (P = 35 mW). From the results shown in Fig. 2.12b, it
follows that the increase in the PL intensity correlates with the increase in the decay
time constant 74. The time constant 74 is larger at lower recombination rates of
nonequilibrium charge carriers generated by laser radiation. Consequently, from
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the results, it follows that the forward current slows down the recombination
processes in the structure when responding to laser radiation pulses and, thus,
increases the amplitude of PL pulses. It should be noted that, as the forward current
is increased, the time constant 7, changes only slightly; at rather large currents, the
values of 74 and 7, practically coincide.

The effects observed at different forward currents can be understood in the first
approximation, if it is assumed that there are two recombination channels in the
structure. Moreover, it must be assumed that one of the channels is much less
efficient than the other and the nonradiative recombination rate in the second, more
efficient channel ceases to depend on the concentration of nonequilibrium charge
carrier at sufficiently high concentrations. If these assumptions are accepted and the
radiative recombination rate is negligible compared to the nonradiative recombina-
tion rate (because of the relatively low quantum efficiency of radiative recombina-
tion), the rate of changes in a number of nonequilibrium minority charge carriers
generated by laser radiation (V) can be described in the first approximation by the
expression

dN/dt =G — N/t —F. (2.17)

Here, G is the rate of generation of minority charge carriers by laser radiation,
N/t is the rate of nonradiative recombination via the first mechanism
(Shockley—Read—Hall mechanism), and F is the rate of nonradiative recombination
of nonequilibrium charge carriers via the second mechanism. In the subthreshold
conditions, the quantities G and N are small (because of the fast recombination of
charge carriers mainly through the second channel), and, hence, the PL intensity is
low. If the quantity G is sufficiently large and, therefore, the quantity F rapidly
becomes practically constant, from formula (2.3) it follows that the time variations
in N are described by the expression

N = Nmax[1 — exp(—t/7)], (2.18)

where N.x 1S a maximum number of minority charge carriers at a specified
generation rate G. If laser radiation is turned off (G = 0) and there is no forward
current, there is no source of minority charge carriers to provide saturation of
recombination via the second mechanism; then the rate F can depend on ¢, as can
be seen from (2.17), and the decay time constant for the quantity N can be smaller
than 7. However, if a rather large forward DC current passes through the sample, the
second recombination channel for optically generated charge carriers is turned off
by nonequilibrium charge carriers generated by the current passing through the p—n
junction. In this case, from (2.3) it follows that the decay kinetics of minority charge
carrier number generated by laser radiation is described by the expression

N = Npaxexp(—t/7). (2.19)
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It should be noted that, in this case, the rise and decay time constants for N are
practically identical and equal to 7, since the quantity F for optically generated
charge carriers in formula (2.17) must be assumed to be zero also for the rise of the
PL intensity. Upon application of a reverse voltage, the external field separates
charge carriers, resulting in an acceleration of the kinetics of PL and in a decrease in
the PL intensity. In the foregoing, we considered the kinetics of changes in the
concentration of optically generated free minority charge carriers in the structure
under study. However, as reported previously, radiative recombination in c-Si at
room temperature occurs basically through the formation of free excitons and,
correspondingly, the PL intensity depends on the concentration of excitons (N.y)
in accordance with the formula

YpL = ClNex/Tex- (220)

Here, C is a constant. The problem of interconnection between the kinetics of free
excitons and that of free charge carriers was discussed elsewhere [36]. It was shown
that the description of the kinetics of annihilation of excitons led to a nonlinear
second-order differential equation that has not yet been solved in the general case.
On the assumptions accepted in [36], it was found that, in the case of radiative
recombination via free excitons, the quantity 74 was half the quantity z. For the
qualitative consideration presented here, it is important that the faster (or slower)
the kinetics of NV, the faster (or slower) the kinetics of N.,. This conclusion can be
drawn on the basis of the results of [36] as well as from the value of the time of
binding of free charge carriers into excitons. The last-mentioned time is several
orders of magnitude shorter than 74 and z,. Therefore, at a qualitative level, the
above analysis of the kinetics of N can be used to interpret the systematic features of
the kinetics of N., and, hence, the kinetics of PL in different experimental
conditions.

It was of importance here to understand to what extent these effects are inherent
in high-efficiency Si solar cells described in [2]. The answer to this question can be
obtained from comparison of the data presented above with the data reported in
[37]. In [37], the quantum efficiency of a solar cell similar to that considered here
reached the slightly varying level at EL excitation intensities of about 0.1 mW cm 2.
These intensities are several orders of magnitude lower than the PL excitation
intensities observed for the structure studied here. Thus, the above-described effects
as such and their manifestation in high-efficiency solar cells may be a consequence
of specific features of the solar cell technology, variations in the manufacturing
process, and cutting of elements to form separate parts; the last-mentioned proce-
dure brings about the formation of new recombination centers. It is important to
note that the basic objective laws of the second channel of nonradiative recombi-
nation of the edge PL described above are qualitatively similar to those obtained in
studies of edge PL in sample S; at least 1 cm away from the cut line. This means that
the described effect of the second channel of nonradiative recombination is not
associated with edge effects arising from the cutting of the solar cells only. This
chapter was written on the basis of published works. But it should be noted that very
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important information relating to this chapter is contained in the article [38], which
is being prepared for publication in 2014. It was shown in [38] that at sufficiently
high concentrations of free electrons and holes the impact ionization of excitons
dominates over their thermal ionization. At such concentrations and the high level
of injection the effect causes practically linear sites of dependences the concentra-
tion of excitons on the concentration of free charge carriers and of dependences the
near-band-edge luminescence intensity in c-Si on the intensity of its excitation.

The work has been partly technically maintained by the Ministry of Education
and Sciences of the Russian Federation (State contract 16.526.12.6017). This work
was written only thanks to the help to the author in the vital situation, which gave
him M.A. Green, E.S. Nevirovich, E.V. Ershov, M.S. Moso‘yan, A.A. Mar‘in. The
author expresses them sincere gratitude.
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