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By the combination of temperature-dependent spectral photo-
luminescence with modulated photoluminescence measure-
ments the band-to-band radiative recombination coefficient is
determined for crystalline silicon without the requirement to
model the temperature dependence of the intrinsic carrier
density, thus eliminating a source of error. By application of
this approach we reproduce the variation of the radiative

Radiative recombination is one of several recombina-
tion channels in semiconductors and its rate may be
described by the product of the densities of the two
recombining species and the radiative recombination
coefficient B,,q. The values of B,,q are important in order
to quantitatively describe the radiative recombination
channel and also as input for device simulation, for example
for modelling electroluminescence.

For crystalline silicon (c-Si), conflicting values from
different evaluations were reviewed by Trupke et al. [1] who
also determined B,,q at several temperatures 7 from 300
to 77K [1]. Briggemann et al. [2] confirmed those
T-dependent B,.4-values and extended the measurement
range to 393K in which B,,q is almost constant. Similar
results were achieved by Nguyen et al. [3] who determined
B,,q in the T-range between 90 and 363 K.

Previous microscopic calculations of B4 of c-Si had
been performed by Ruff et al. [4] to obtain the absolute
values of the spectral distribution and of its 7-dependence.
The microscopic theory showed the trend in the
T-dependence of B,,q, namely that it is almost constant in
the range between about 400 and 250K with increasing
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recombination coefficient in crystalline silicon with tempera-
ture reported in the literature for temperatures >77 K. Above
all, we extend the measured range for the radiative
recombination coefficient to a temperature of 20K. In this
extended temperature range between 20 and 70K the
recombination coefficient increases with decreasing tempera-
ture by about three orders of magnitude.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

values with further decreasing 7 and with a value of
7x 10 " em?s™! at the lowest T of 90K [4].

As reviewed and outlined by Trupke et al. [1] the energy
(hw)- and T-dependent spectral B,,qs(fiw,T) may be
determined from the energy-dependent absorption coeffi-
cient for band-to-band transitions apg(fiw) and other
quantities. Integrated appropriately over energy leads to
the total recombination coefficient B,,4(T) as

Buaa(T) = / Buaas (T, hieo)d (). (1)

One problem that arises is that agp is very small at low
T and hw [4]. Also, the square of the intrinsic carrier
density n; enters the equation for B.,qs. The accuracy of
these data thus critically influences the accuracy of B4 at
different 7. It is also noted that despite long-time research
on c¢-Si, no values of B,,q for T< 77K are available in the
literature.

In this letter, we close this gap and we determine B,4(7)
in c-Si by a combination of stationary spectral photo-
luminescence (sPL) and modulated photoluminescence

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(MPL) under identical photoexcitation conditions and at the
same excitation spot on a c-Si wafer. The elegance of the
method results from the fact that neither values of
app(fiw, T) nor of n;(T) are needed.

The spectral sPL-photon flux djp; emitted from a
sample surface is given by [5, 6]

. A(T, hw)dry, (T, ho)
djp (T, hw) = 2
e (T i) 4opp(T, hew)n? (T, hew) @)
where n, (T, liw) is the refractive index of the semiconductor
and A(T, ho) the absorption of the sample. The equation for
the spontaneous band-to-band spectral emission rate dry, is
expressed by

drg (T, hw)= Braas(T, ho)n p d(hw), (3)
where n and p represent the recombining species via the free
electron and hole densities in the bands. It links Braq s (T, fiw)
with the measured PL radiation. The spectral radiative
recombination coefficient By (7T, fiw) can thus be deter-
mined by

djp, (7', ho) y 4opp(T, hw)n (T, hiw)
np A(T, ho)

(4)

Brad,s (Tv hw)d(ha)) =

For a wafer with front and rear surface reflection
coefficient Rywont(fiw) and Ryeyr(fiw), A takes account of re-
absorption and multiple reflection of the PL radiation in the
sample according to [7]

A(T, how) = [1 = Riront(hw)][1 — exp(—app (T, hiw)d))

[1 + Rrea.rexp(faBB(Tv hw)d)]
1 — RirontRrear (iw)exp(—2app(T, hiw)d)’

(5)

where d is the sample thickness. Here, absorption other than
by band-to-band transitions is neglected.

The equation for A(T, iiw) and thus B,q(T, hw) can be
simplified for the condition that the product of app(T, fiw)d
is smaller than unity as is typically the case for c-Si at lower
T. At around room temperature agg (7, iw)d < 1 for most of
the spectral range. Equation (4) then reads

_ deL(Tv hw) 4”;%(T7 hw)
B np Crefd

Braas(T, Tiw)d (7o) : (6)

where Cr subsumes reflection terms. It can be approxi-
mated by 1 for symmetrical wafer structures.

The total radiative recombination coefficient By,q(T') is
determined from integration by

Brad(T) = Brad,s(Ty ha))d(hw)

c/ /

C
=— [ djp (T, hw) = —JpL(T
o [ Q1) = < g (1)
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4n*(T hw)

Cretd
integral because Cier and the related n, (T, iw) do not vary
much in the spectral energy range of the PL emission [8]. In
addition ¢’ is taken constant as the 7T-dependence is small
even down to 20 K [8].

Between the measured signal S, delivered by the
detector, and the emitted Jp.(7) another calibration factor,
¢’ here, may be introduced that relates the measured current
or voltage to the photon flux. A T and energy independent
factor ¢” represents this contribution via S = ¢"JpL.

And thus By,4(T) can be deduced from S and from the
carrier densities by

here, the term ¢’ = has been extracted from the

Brad(T) = C‘S’;(pT) )

(8)

with ¢ = ¢//c”. The value of ¢ can be chosen to calibrate the
relative B,,4-values with literature data in order to determine
absolute B,,4-values.

For the specific case of an n-type wafer

cS(T)
[An(T) + no(T)]Ap(T)

Bmd(T) ~

©)

with the excess carrier densities An and Ap and the thermal
densities ny>> p, and Ap > p,,.

For determining the excess carrier densities in Eq. (9),
MPL is measured by illuminating the c-Si wafer with
sinusoidally modulated light which is related to a photo-
generation rate G according G = Gp + Gaexp(iwt), where
Gp represents the bias-illumination induced DC generation
rate, G, is the amplitude of the AC modulation and w the
modulation angular frequency. The average G-value is
determined from the ratio of F,, the portion of photon flux
absorbed by the sample, and d.

In steady state, with G = Gp, a recombination lifetime 7
can be defined according to Gp = App/t, with the
stationary excess density Ap,. Based on the Ansatz
Ap = App, + Apsexp(iot), in which Ap, is complex, a
phase shift ¢ of the PL signal with respect to the modulated
generation is derived with [9, 10]

¢ = —arctan(wTypL ). (10)
with an effective carrier lifetime typr. In the derivation a G-
independent t is assumed such that typr equals t. This is
quite reasonable for our samples as will be discussed later
together with the presentation of the experimental data.

Atlast, the excess carrier densities An(T) and Ap(T) can
be deduced from the MPL lifetime with

Ap(T) = An(T) = Gy (T) = - o (T).

(11)

For Eq. (9) we need to determine the equilibrium
electron density ng(T), by taking the temperature
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dependence of the ionization of the donors with density N,
into consideration. We calculate no(7) numerically from
the charge neutrality equation and the Fermi-level
dependent occupation of the conduction band. Thus,
no(T) equals the ionized donor density N according
to [11]

Ny

ng~Nj = —————,
0 1+ 2e(B—Ea)/kT

(12)

and is also determined by

E.—FE
%:Mmﬁm__g, (13)

kT

where E, is the T-dependent Fermi level, E; the donor
activation energy, N, the 7T-dependent effective density of
states in the conduction band and E_. the energy of
conduction band edge. We take E. — E; =45meV as
reported for phosphorus in silicon [12] and N, according to
the conductance values of the phosphorus doped c-Si
wafers under investigation.

With S(T), An(T), Ap(T) and no(T) the relative
radiative recombination coefficient B4 can be obtained
with Eq. (9) as a function of temperature. It is noted that a
B..4-value at one temperature is sufficient for the calibration
to absolute values.

The experimental setup is equipped with a closed-
cycle He cryostat which allows cooling down to 20 K.
A 785-nm laser diode illuminates the sample through the
cryostat window using an optical fiber. The laser power is
measured with an Ophir Nova Il photometer at the position
of the sample. The emitted luminescence is collected in
reflection mode by a parabolic mirror and focused with an
optical lens onto the monochromator entrance. The optics
part is a 4f system with a magnification of one. A high-
pass optical filter is placed in front of the monochromator
to filter the reflected or scattered excitation light. An
InGaAs photodiode measures the dispersed spectral
photon flux at each given wavelength. The photocurrent
is amplified and converted into voltage to be measured by
a Stanford Research SR830 lock-in amplifier or a Keithley
195 digital multimeter. For the MPL, a sinusoidal output
signal of the lock-in amplifier modulates the laser-diode
current. Test measurements with fixed Gp and a variation

Table 1 Description of the two c-Si wafer samples.

sample A sample B
c-Si Cz Fz
d (pm) 130 280
surface textured polished
o (Qcm) 9 2.6
passivation ~ 50nm AlO, (both sides), 50 nm intrinsic

SiC on rear side a-Si:H (both sides)

R@785nm  0.012 0.38

www.pss-rapid.com
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Figure 1 T-dependent PL spectra of sample A between 300 and
20K.

of G, showed that the phase was independent of the
G4/Gp-ratio.

We investigate the PL spectra and MPL lifetimes of
two different c-Si wafers, a sample from a Cz-Si wafer
labelled sample A and from an Fz-Si wafer, labelled
sample B. Table 1 summarizes their properties with
different thicknesses d, textures, doping in terms of
resistivity p and passivation schemes as well as the
reflectance R at the excitation wavelength. Low laser-
power excitation values in the range of 0.5 and 1 mW cm >
were used.

Exemplarily, the PL spectra of sample A are illustrated
in Fig. 1 as a function of temperature between 300 and 20 K.
The corresponding integrated PL intensities S(7) as a
function of temperature are shown in Fig. 2.

Figure 3(a) presents the MPL lifetimes of samples A
and B. Data for sample B were taken from four consecutive
runs of the MPL and sPL-measurements, when measuring
from 315 to 20 K, followed by a 20 to 315 K sequence, and
by a repetition of this cycle. The standard deviation was
determined and is plotted in Fig. 3(a). The carrier densities
Ap(T) = An(T), determined from the MPL-lifetimes are
depicted together with the calculated ny(7) in Fig. 3(b).

100 T T r r r r

10k

Integrated signal (arb. units)

1 1 1 1 1 1 1
0 50 100 150 200 250 300
temperature T (K)

Figure 2 Integrated PL signal S(7) as a function of 7.
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Figure 3 In (a), MPL lifetimes of samples A and B versus T are
shown. For sample B the mean values and error bars are
determined from four consecutive measurements from two down/
up-cycles in 7. For most of the temperatures the error bars are
smaller than the symbol size. In (b), the densities Ap(= An),
determined from the MPL lifetimes and ny of samples A and B
versus T are shown.

The hole density py(T) at equilibrium is negligible in these
n-type wafers. The determined excess carrier density is
well below the doping density, respectively.

In a next step we determine the relative values of the
radiative recombination coefficient Bp,q(7T) according to
Eq. (9) from our measured integrated PL data and from the
determined carrier densities. One value for c is adjusted by
matching the relative B.,q(T) with literature data [1] thus
calibrating Braq(T).

The resulting B,q(7T) for the two samples A and B are
summarized in Fig. 4 in which the available T range for B4
is extended below 77 K towards 20 K. Values for B,,4 have
not been available so far in this 7 range. For T > 77K our
data are consistent with the literature with a maximum
deviation of about 20% at around 170 K.

The data for sample B show the mean value from
the four runs of the MPL and sPL-measurements. The
relative difference between samples A and B is

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Radiative recombination coefficient versus temperature
for samples A (diamonds) and B (circles). The structures are
sketched in the figure. For sample B the mean values from the four
T-dependent measurements are shown. Results from [3] are similar
to the literature data shown (squares and triangles) from [1, 2].

temperature dependent and around 10% for most temper-
atures. It amounts to around 40% in a narrow range around
50K.

At this stage the possible difference between the
lifetime from MPL as a differential lifetime and the steady-
state lifetime, for example [14], is briefly discussed. Such a
difference may occur if the excess carrier density does not
vary linearly with generation rate. For sample A such
dependence according to T oc Ap? has shown a low value
of B of around 0.14 to 0.16 at 300K from quasi-steady
state photoconductance. For c-Si wafers passivated with
intrinsic a-Si:H this S-value is known to be much less and
closer to zero. According to [14] one can expect deviations
between differential and effective lifetime to be less than
20% for sample A and much less for sample B. However,
should the ratio of differential lifetime and steady-state
lifetime not be unity but temperature independent, Eq. (8)
will care that this ratio is absorbed in the factor ¢, which
would not introduce an additional error since B,y was
calibrated at 300K. Should the ratio be temperature
dependent, which is unknown, there would be an error that
is introduced in the determination of B,4. Such an error
may well account for the 20% observed variation between
literature values and those from the present method. It is
noted that at low temperatures the large variation and
strong increase in B4 is well above any error from a
possibly temperature-dependent ratio of MPL lifetime and
steady-state lifetime.

Despite the different properties of the two wafer
samples with respect to deposition, thickness and
doping, good agreement is achieved for the two sets
of B,,g-data, despite the accounted differences of
maximal 40% around 50K but with better agreement
<20% at temperatures higher and lower than 50 K. The
surface passivation layers of AlO, and intrinsic a-Si:H
lead to different band bending in the crystalline silicon

www.pss-rapid.com
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space-charge regions of the wafers. Fixed negative
charge in the AlO, [13] leads to electron depletion and a
different band bending as in the space charge regions of
the a-Si:H passivated wafer and different lifetimes in the
two samples. Nevertheless, the PL-related results with
respect to B,,q are not strongly influenced so that it may
be concluded that the volumes of the c-Si wafers are
probed for the B,,q-determination.

In conclusion, we used a combination of MPL and sPL
measurements to determine the radiative recombination
coefficient B;,q in crystalline silicon. MPL allows us to
determine the lifetime from the phase shift with reference
to the modulated excitation. The T-dependence of B,,4 can
then be extracted from the 7T-dependence of the measured
lifetime and sPL signal. Compared to previous determi-
nations of B.,q our approach does not require the precise
knowledge of the T7T-dependence of the absorption
coefficient or the intrinsic carrier density. One issue in
our approach could be the potential discrepancy between
the differential lifetime measured by MPL and the steady-
state lifetime determining the sPL. However assuming that
these two lifetimes are equal we achieved acceptable
agreement between our B4 values and those found in
the literature in the temperature range where such data
were available (T > 77 K), with less than 20% difference
in the whole T-range. Moreover, we could extend the
measurement range for B, ,4-values from 77 to 20K and
identified an increase by about three orders of magnitude
with decreasing temperature. This observation could
stimulate further experimental and theoretical work on the
T-dependence of B,,q at low T range.
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