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A B S T R A C T

The decay of the sum of electron and hole mobilities, μs = μn+μp, due to carrier-carrier scattering was experi
mentally investigated in crystalline germanium (Ge) at high-injection conditions. Contactless measurements of 
the mobility sum as a function of the excess carrier density (Δn) in Ge were obtained using photoconductance 
decay methods. First, the measurement method was revised and improvements were introduced to ensure that 
μs(Δn) could be obtained for independent samples with improved accuracy. This method is successfully validated 
with crystalline silicon and, then, applied to Ge samples of different doping types and resistivity. The analysis of 
the data suggests that the mobility decay at high injection levels cannot be properly explained with the usual 
assumption of equal cross section for carrier-carrier and carrier-ion scattering events. Instead, we find the 
mobility sum due to carrier-carrier scattering to be inversely proportional to Δn according to the expression 8 ×
1020⋅Δn− 1 cm2V− 1s− 1. The limitations and potential error sources of the measurement method are discussed and, 
finally, the mobility model is used to improve lifetime analysis at high injection, allowing to estimate the 
ambipolar Auger recombination coefficient at Camb = 7 × 10− 31 cm6s− 1.

1. Introduction

Carrier mobility is a fundamental physical property of materials 
defining carrier transport phenomena. Due to the evolution of technol
ogy, many solid-state devices are nowadays limited in speed and effi
ciency by the mobility of carriers. It is well understood that carrier 
mobilities are the combined effect of the different scattering mecha
nisms taking place in the material, most importantly, lattice scattering, 
ionized impurity scattering, and carrier-carrier (electron-hole) scat
tering. The carrier mobility in semiconductors was actively investigated 
in the middle of the 20th century, with many works reporting on carrier 
mobilities for both Silicon (Si) and Germanium (Ge) [1–7], most of them 
focusing on lattice and impurity scattering effects. At that time, it was 
also realized that electron-hole scattering should have a significant 
impact on the mobility of devices operating at high injection levels [8], 
roughly when the excess carrier density increases above 1016 cm− 3. At 
these high injection levels, the density of electrons and holes become 
similar and the sum of mobilities μs = μn+μp becomes the relevant 

physical parameter. To predict the impact of electron-hole scattering, in 
1957 Fletcher proposed [9] to apply the classical theory of gasses, the 
mutual diffusion of two groups of oppositely charged particles, which 
led to a formulation very similar to the Conwell-Weisskopf approach 
[10] for the scattering by ionized impurities. Davies experimentally 
measured μs as a function of the injection level, Δn, in Ge by analyzing 
the potential difference after a pulse of current [11]. From these ex
periments, he deduced that the mobility term due to only electron-hole 
interactions follows the expression μs = 2.5× 1020⋅Δn− 1 cm2V− 1s− 1, 
which was also found to be consistent with the classical theory of gasses. 
A decade later, Dannhäuser and Krausse analyzed the decrease of the μs 
in Si at high injection levels [12,13], finding a good agreement with the 
experimental data using the formulation proposed by Fletcher.

Despite the significant research conducted on Ge in the 1950s, during 
the 1960s Si started to take over and, from there onward, the research 
community’s interest focused primarily on Si for over half a century. 
However, Ge has recently regained interest due to both its high carrier 
mobility and low band gap, making it appropriate for high-speed 
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electronics and infrared photonic devices, respectively. A particular 
application that benefits from Ge characteristics is thermophotovoltaic 
(TPV) energy conversion [14,15]. In a TPV system, a high-temperature 
thermal emitter is placed in close vicinity to a low-band-gap photovol
taic cell, thus converting heat into electricity via thermally radiated 
photons. Since most of the energy in a TPV system is radiated in the 
infrared, the lower band gap of Ge makes it a more appropriate material 
for the application than Si. In addition, despite the relatively low tem
perature of the thermal radiation as compared to the sun’s (around 
1500K vs. 5700K, respectively), the large view factor present in TPV 
systems makes them operate at very high current densities, in the range 
of 1–10 A/cm2, which is equivalent to that of high concentration solar 
photovoltaic systems. In this context, the high carrier mobilities in Ge, 
over three times larger than in Si, make it a very interesting material to 
handle the high current densities involved in TPV systems while 
ensuring a low parasitic series resistance and, thus, high efficiency.

Carrier mobilities can, in fact, impact the performance of TPV de
vices in subtle ways. Following the trends in standard photovoltaics, 
there is a growing interest in implementing Interdigitated Back- 
Contacted (IBC) TPV structures [16,17], as this maximizes output 
power while keeping all contacts in the back side, in direct contact with 
the cooling system. However, IBC structures can be limited by lateral 
transport in the semiconductor and, therefore, are particularly sensitive 
to the diffusion length and carrier mobilities. In addition, carrier mo
bilities are dependent on material quality and doping density and, most 
important to this work, at the high injection levels expected due to the 
large photon density, carrier mobilities can be noticeably reduced due to 
carrier-carrier scattering (CCS), impacting device performance. 
Furthermore, when characterizing TPV cells in the laboratory it is usu
ally not feasible to replicate the real thermophotovoltaic operation 
conditions (high irradiance), with cell operations temperatures up to 
80C, in practice omitting CCS effects and leading to an overestimation of 
carrier transport and system efficiency. In consequence, the precise 
characterization of carrier mobilities at high injection levels, including 
the CCS effects, is of paramount importance to accurately predict and 
optimize the efficiency of photovoltaic cells in real TPV conditions.

A more profound knowledge of CCS effects in Ge will also improve 
the accuracy in characterizing the excess carrier effective lifetime, τeff, as 
a function of excess carrier density, Δn. Considered as a “de facto” 
standard technique for Si, using the tools provided by Sinton In
struments, the quasi-steady-state photoconductance technique (QSSPC) 
[18] has been recently transferred to Ge [19] with great success. This 
technique determines both τeff and Δn by measuring the photoconduc
tivity of the wafer through inductive coupling while illuminating the 
wafer with a flash lamp, providing τeff values in a wide Δn range typi
cally spanning from 1014 cm− 3 to 1017 cm− 3. In order to provide accu
rate results of both τeff and Δn, the QSSPC technique requires a precise 
knowledge of the semiconductor mobility, including the CCS effect.

Interestingly, it turns out that photoconductance measurements can 
also be used to determine the mobility of the material under test by 
comparing data obtained in QSSPC and Photoconductance Decay (PCD) 
conditions, both having a different dependence on carrier mobilities. 
Rougieux et al. presented this method for the first time using data ob
tained with a Sinton WCT100 and two different flash durations, the 
longer flash leading to QSSPC mode and the short one leading to PCD 
mode, and was able to determine μs(Δn) with some limitations [20]. By 
jointly analyzing with this technique a set of wafers of different re
sistivity, and assuming that the scattering cross section of two moving 
particles of different charge is the same as the cross section of a moving 
particle and an ionized impurity, Zheng et al. were able to characterize 
the μs in Si as a function of doping density, doping type, temperature, 
and injection level [21,22]. Recently, Krisztián et al. proposed 
combining data from three photoconductance decay techniques, namely 
transient, steady-state, and perturbation photoconductance, to directly 
determine μs(Δn) data claiming no model assumptions (model-free) 
[23].

In this work, we apply photoconductance decay methods to study the 
μs(Δn) in Ge, with a special focus on characterizing the mobility decay 
due to the CCS effect. In concrete, we have further refined the method by 
Rougieux so that μs(Δn) can be directly obtained with improved accu
racy and from a single sample. After revisiting the theoretical back
ground, we first validate the technique by applying it to Si substrates, 
where μs(Δn) is well known. Then, we apply the technique to Ge wafers 
of different types and doping densities ranging from intrinsic to 
moderately doped Ge. The analysis of the results concludes that, within 
the technique’s limitations, the μs decay cannot be explained by the 
common assumption of equal scattering for carrier-carrier and mobile- 
ion interactions. On the other hand, a better consistency is found with 
mobility decay reported by Davies [11], i.e. inversely proportional to 
Δn. We discuss the possible limitations and potential improvements of 
the technique when applied to Ge wafers. Finally, we emphasize the 
significance of our CCS characterization by analyzing its impact on 
effective lifetime data at high injection and its implications for the ac
curacy of the estimation of the ambipolar Auger coefficient in Ge.

2. Theoretical background

2.1. Contactless determination of the mobility sum

The photoconductance decay method is a contactless technique that 
allows the characterization of the effective lifetime of photoexcited 
carriers through the analysis of the transient photoconductance under a 
short illumination pulse. In general, the effective lifetime is determined 
through the expression [24] 

τeff(Δn)=
Δn(t)

G(t) − dΔn(t)
dt

, (1) 

where τeff is the effective lifetime of photoexcited (excess) charge car
riers, G(t) is the average photogeneration rate, and Δn(t) is the average 
excess carrier density in the bulk. This equation is valid for any light 
pulse duration, but there are two interesting limit cases. On the one 
hand, when the light pulse, typically from a flash lamp, has a time decay 
constant comparable to or larger than τeff, the method is known as Quasi- 
Steady-State Photoconductance decay (QSS) and there exists a balance 
between generation and recombination rates at all times. In this case, 
the derivative term in Equation (1) is considered negligible. On the other 
hand, when the flash time constant is much shorter than τeff, the method 
becomes a pure Photoconductance Decay technique (PCD), the idea here 
being to create an excess carrier density with a very short light pulse that 
quickly vanishes, leaving generated carriers to freely recombine. Now, 
the G(t) term disappears from Equation (1), and τeff becomes dependent 
exclusively on the decay of Δn. Notice that all variables involved in 
Equation (1) depend on time either directly or indirectly. For clarity, we 
will omit the time dependence from all variables and equations from 
now on. Clarifications on the variables’ dependence will be added in the 
main text when required.

It should be stressed that Equation (1) deals with average quantities 
and, as a result, the obtained effective lifetimes will not depend on the 
flash decay time (either QSS or PCD extremes) as long as Δn can be 
assumed constant throughout the volume of the substrate under mea
surement. In other words, the results will be accurate when the diffusion 
length is comparable to or greater than the thickness of the wafer under 
test [25]. For Si and Ge substrates, this can be safely assumed for all 
practical wafer thicknesses and lifetime values thanks to the high carrier 
mobility, especially in the case of Ge [19]. For the sake of generality, in 
this work we will consider a PCD measurement to be one with a decay 
time noticeably shorter than the QSS counterpart but with a generation 
rate that might not always be negligible. This generalization will enable 
us to analyze data at high injection levels, where carrier-carrier scat
tering is strongest, but the PCD flash might still be present. Equation (1)
can be rewritten for each case as: 
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τQSS(Δn)=
Δn

GQSS −
dΔnQSS

dt

(2) 

and 

τPCD(Δn)=
Δn

GPCD − dΔnPCD
dt

. (3) 

Notice that here Δn works as an independent variable for the lifetime 
in both cases, but its derivative with time differs as it depends on the 
flash time constant, hence the subscripts QSS and PCD in the derivatives. 
The generation rates are also distinguished by QSS and PCD subscripts.

The average photocarrier excess density, Δn, is not directly measured 
but determined from the photoconductance, Δσ, through 

Δn=

Δσ +

(

1 −
μs
μs0

)

σ0

qwμs
, (4) 

where Δσ and σ0 are, respectively, the photo- and dark conductance of 
the wafer, w is the wafer thickness, μs = μn+μp is the mobility sum at the 
given Δn, and μs0 is the mobility sum in darkness (Δn = 0). It is crucial to 
notice that the σ0 term in Equation (4) is usually disregarded, which 
assumes that the mobility is independent of Δn; however, this is 
generally not true, as demonstrated in this work. Under illumination, the 
conductance tends to increase due to the excess carrier density but, at 
the same time, there is a decrease in the mobilities due to CCS, which 
affects both thermal equilibrium carriers as well as the photogenerated 
ones, which needs to be taken into account. In consequence, the time 
derivative of Δn becomes 

dΔn
dt

=
1

qwμs

(
dΔσ
dt

−
(Δσ + σ0)

μs

dμs

dt

)

. (5) 

Equating Equations (2) and (3), as the effective lifetime is unique 
(τQSS(Δn) = τPCD(Δn)), we obtain 

GQSS −
dΔnQSS

dt
= GPCD −

dΔnPCD

dt
, (6) 

and taking into account Equations (4) and (5) we get to the general 
differential equation 

qw(GQSS − GPCD)μ2
s +

(
dΔσPCD

dt
−

dΔσQSS

dt

)

μs

− (Δσ + σ0)

(
dμs.PCD

dt
−

dμs.QSS

dt

)

=0.
(7) 

This equation can be easily solved for μs if the time derivative of the 
mobility can be neglected [20], leading to 

μs =
1

qw(GQSS − GPCD)

(
dΔσQSS

dt
−

dΔσPCD

dt

)

. (8) 

However, this assumption is only valid under certain specific con
ditions. The derivative of the mobility can be conveniently rewritten as 

dμs

dt
=

dμs

dΔσ

⃒
⃒
⃒
⃒

Δσ(t)
⋅
dΔσ
dt

, (9) 

where it becomes apparent that dμ/dt will approach zero only when dμ/ 
dΔσ approaches zero. This is the case at low and moderate injection 
levels, where μs is independent of Δn, but not at high injection, where 
carrier-carrier scattering becomes significant, and μs decreases with 
increasing Δn. Substituting Equation (9) into Equation (7) we obtain our 
final differential equation: 

qw(GQSS − GPCD)μ2
s −

(
dΔσQSS

dt
−

dΔσPCD

dt

)

μs

+

(
dΔσQSS

dt
−

dΔσPCD

dt

)

(Δσ + σ0)
dμs

dΔσ = 0.
(10) 

Simultaneously solving the above equation for μs and dμs/dΔσ at 
each Δσ is complex and highly sensitive to noise in the experimental 
photogeneration and conductance data. In this work, we use an iterative 
approach to numerically solve it. At every iteration, μs is first determined 
assuming an estimation of dμs/dΔσ determined in the previous iteration. 
Next, the dμs/dΔσ estimation is updated based on that μs result. These 
two steps are repeated until self-consistency between μs and dμs/dΔσ is 
achieved. In the first iteration, we just assume dμs/dΔσ = 0 and, 
consequently, μs can be directly calculated by applying Equation (8). In 
any other iteration the mobility μs is determined by solving the quadratic 
Equation (10) leading to 

μs =
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 4A(Δσ + σ0)
dμs
dΔσ

√

2A
, (11) 

where 

A= qw(GQSS − GPCD)

(
dΔσQSS

dt
−

dΔσPCD

dt

)− 1

. (12) 

To improve convergence and minimize the noise related issues, given 
that μs smoothly depends on Δσ, a smoothed dμs/dΔσ estimation is 
obtained by fitting the obtained μs(Δσ) with a selected mobility model at 
each iteration.

2.2. Optical factor modeling

The photoconductance decay techniques, both QSS and PCD with no 
negligible generation rate (Eq. (1)), require knowing both the wafer’s 
conductance and the generation rate within its volume. While the 
conductance is directly measured through inductive coupling, the gen
eration rate is indirectly determined by sensing the light intensity 
through a calibrated reference cell with 

G=VphkS/V
Jref

qw
fopt, (13) 

where G is the estimated generation rate, Vph is the photovoltage signal 
provided by the reference cell, kS/V is a calibration constant that scales 
the photovoltage to equivalent suns of illumination intensity on the 
wafer, Jref = 38 mAcm− 2 is a reference short-circuit current for a stan
dard Si cell under 1 sun, q is the elementary charge, w is the thickness of 
the wafer under test, and fopt is the optical factor.

Any discrepancy between the absorption of the wafer under test, at 
one sun equivalent illumination, and the reference Jref value is 
accounted for by the optical factor, which can be defined as 

fopt =
q
∫

aΦλdλ
Jref

, (14) 

where λ is the wavelength of light, a is the absorptance of the wafer as a 
function of λ, and Φλ is the spectral photon flux of the flash lamp. It is 
important to notice that fopt is subject to multiple effects that can be 
attributed to both the wafer under test and the equipment itself. On the 
one hand, it includes changes in the total absorption of the wafer due to, 
for instance, a particular surface texturing or anti-reflective coating and, 
most importantly, a change to a different bulk material. On the other 
hand, it also includes changes due to deviations between the flash lamp 
and the sun’s reference spectra, as well as differences between the 
spectral absorption of the wafer and the reference cell. Furthermore, the 
optical factor will ultimately account for any uncertainty in the equip
ment calibration.

3. Experimental

In order to get reliable results of the carrier-carrier scattering in Ge, 
we have prepared a set of Ge wafers of different types and resistivity and 
with various surface treatments. In addition, we have also prepared a set 
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of Si wafers for verification purposes. Si wafers are used as a test ma
terial to verify the measurement procedure before analyzing the Ge re
sults, as Si is a much better studied material and there is a broader 
literature on the mobility vs. injection level dependence. A wafer with 
black nanotexture, both for Si and Ge, was prepared for the purpose of 
calibrating the optical factor, as described in the results. Black wafers 
were not used in the mobility study. Table 1 summarizes the prepared 
sample set.

Samples were prepared at UPC or Aalto labs following standard 
procedures. A detailed description of the individual processes is beyond 
the scope of this work and is described elsewhere [26–29]; the following 
is a brief description of the general procedure with Ge wafers. Only new 
wafers were used straight from the box. Before processing, wafers un
dergo a standard cleaning based on hydrochloric acid solution to remove 
native oxides. For the samples with black Ge, the nanotexture is created 
on the front surface by a deep reactive ion etching (DRIE) step [30]. 
Regarding surface passivation, the SiO2 and Al2O3 layers are grown 
simultaneously on both surfaces of the wafers by 
atomic-layer-deposition (ALD). In the case of SiC, the layers were grown 
on both surfaces by successive plasma-enhanced chemical vapor depo
sition (PECVD) processes. When required, samples went directly from 
PECVD to ALD equipment, or vice-versa, without any delay or additional 
processing.

The effective lifetime of the samples was measured using a Sinton 
WCT-120 equipment with the original flash lamp (Quantum QF-32 flash 
bulb) and the FPS-300 power supply. Measurements were taken with 
400 Ws setting (HI flash mode). The flash bulb distance from the stage 
was 35 cm. Two measurements were taken for each sample with 
different flash lamp configurations: one with a long decay flash (1/1 
mode; flash energy 400 Ws) and another with a short decay flash (1/64 
mode: flash energy 400/64 Ws). The characteristic decay time of a long 
flash, used in QSS-PC measurements, is roughly 4 ms, while the short 
flash, used in PCD measurements, has a characteristic time of about 40 
μs. It is worth noticing that we have samples with lifetimes similar to the 
characteristic time of both long and short flash durations. As a result, we 
cannot assume a pure QSS or PCD formulation in general. This is why 
our mathematical formalism relies on the most general case, using two 
measurements with different flash durations, without assuming either to 
be a pure PCD (zero generation). Finally, from the measurements we 
only use the raw conductivity and photogeneration data.

4. Results and discussion

4.1. Determination of the optical factor

The contactless determination of μs requires precise knowledge of the 
generation in order to provide reliable absolute μs values, which in turn 
requires an accurate characterization of the optical factor (fopt) of each 
sample. In other words, the method is sensitive to both μs and fopt. In 
fact, it is a common procedure for Si wafers to determine fopt by 

matching a QSS and PCD measurement provided μs(ND,NA,Δn) is already 
well known [31,32]; in our case, this is obviously not directly applicable. 
However, since we are interested in the carrier-carrier scattering, pre
sent at medium and high Δn values, we can use the lowest injection data, 
around 1015 cm− 3, to estimate fopt by using the electron and hole 
mobility models found in the literature as a function of doping. In 
particular, we considered the mobility parametrization used by Sinton 
Instruments [21] for Si and the parametrization by Berghuis [33] for Ge. 
It should be noted that that the data used here is the same as that used to 
determine the mobility. At excess carrier densities around 1015 cm− 3, 
carrier-carrier scattering cannot be fully neglected. To minimize errors, 
we include in this process an estimation of the CCS using the selected 
mobility model under test. By default, if nothing else is stated, CCS will 
be estimated by adding Δn to the doping density in the low-injection 
mobility model, in the case of Si, and by considering the CCS model 
proposed in this work, in the case of Ge.

Table 1 includes the fopt values obtained with this method, where we 
processed the raw measurements considering the general Equation (4)
for maximum accuracy, as it impacts the optical factors obtained. To 
validate the optical factor estimations, we have also determined fopt 
through numerical calculations of the wafer absorption using the defi
nition in Equation (14) and considering the flash spectrum shown in the 
supplementary information (see Figure S1). In the case of wafers with 
polished surfaces, absorption calculations were performed using a 
Transfer Matrix Method (TMM) formulation considering that the wafer 
is surrounded by air, i.e. assuming that the top surface of the measure
ment stage does not reflect any transmitted light back to the wafer. For 
the front-surface black-nanotextured wafers, previous experiments have 
demonstrated that such black nanotextures can be very efficient for (1) 
reducing reflection to nearly zero in a very broad wavelength range and 
(2) scattering light within the wafer, boosting absorption close to the 4n2 

(perfect scattering) limit [34]. Performing precise numerical calcula
tions of absorption for the nanotextured case is neither easy nor practical 
in this work. Therefore, as a compromise, we have considered the 
average between the two extreme cases: the ideal 4n2 absorption limit 
and the absorption obtained through TMM calculations assuming zero 
reflection at the front surface. Experimental and calculated fopt values 
show a reasonably good linear correlation, as seen in Fig. 1, supporting 
the consistency of both methods. Moreover, for Si the calculated fopt 
values nicely match the experimental ones, following a nearly perfect 
45◦ correlation line. Notice, however, that the calculated fopt values for 
Ge are about 18 % higher than the experimental ones. This is most 
probably due to the uncertainty in the spectrum of the flash lamp and 
would indicate that the spectrum used for calculations has about 18 % 
larger IR content than the real one. This, however, does not invalidate 
the methodology to estimate the optical factor and, in consequence, in 
the rest of the article we will use the experimental estimations of fopt. It is 
worth emphasizing that this will ensure that the mobilities determined 
with our procedure asymptotically match the values from the literature 
low-injection model [33]. This, however, does not undermine the results 

Table 1 
List of wafers and corresponding treatments used in the experiment. DSP stands for double side polished surface finish. The terms bSi and bGe stand for black Si and 
black Ge nanotexture applied on the front surface, the back surface being polished. Passivation layers are symmetrical for all wafers. Effective lifetime, τeff, figures 
correspond to the minimum experimental values obtained at low injection (Δn = 1015 cm− 3).

Wafer Mat. Type Thick. (μm) ρ (Ω⋅cm) Surface Surface passivation τeff @ Δn = 1015cm− 3 fopt

Ge#1 Ge N 189 21.5 DSP Al2O3 (20 nm) 300 μs 0.74
Ge#2 Ge N 295 29 DSP SiO2 + Al2O3 (20 nm + 20 nm) 2.3 ms 0.73
Ge#3 Ge P 169 1.3 DSP Al2O3 + SiC + Al2O3 (50 nm + 45 nm + 20 nm) 1 ms 1.07
Ge#4 Ge P 175 1.3 DSP SiO2 + Al2O3 (20 nm + 20 nm) 330 μs 0.79
Ge#5 Ge P 175 0.13 DSP i-aSiC + Al2O3 + SiC (2 nm + 50 nm + 45 nm) 510 μs 1.15
bGe Ge N 304.5 17.6–39.1 bGe Al2O3 (20 nm) 11μs 1.28
Si#1 Si N 350 3.5 DSP SiO2 (87 nm) 85 μs 0.80
Si#2 Si N 350 3.5 DSP SiO2 (87 nm) 420 μs 0.76
Si#3 Si N 280 2.5 DSP Al2O3 (50 nm) 3.5 ms 0.76
Si#4 Si P 285 2.6 DSP Al2O3 (50 nm) 3.5 ms 0.72
bSi Si N 280 3 bSi Al2O3 (20 nm) >15 ms 1.04
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at high injection. Moreover, an inaccurate mobility model assumption 
leads to an inconsistency between the selected model and the resulting 
experimental data, as we show in the next section.

4.2. Validation of the method

In order to validate the contactless determination of the mobility sum 
as a function of the injection level, we will first analyze and discuss the 
results for Si wafers, as there is a larger amount of data available in the 
literature. We applied the contactless determination of μn+μp to every 
sample individually using the optical factor values determined at low 
injection as described earlier and considering the same mobility 
parametrization for Si as in the WCT-120 software [21]. The results are 

summarized in Fig. 2 in symbols. Lines represent the mobility sum as a 
function of Δn from the used parametrization. As the figure clearly 
shows, the experimental decay of μn+μp clearly follows the model 
considered. Using other alternative Si mobility models from the litera
ture [21,22,35–37] leads to similar results.

The data in Fig. 2 correspond to a single flash (PCD and QSS) using 
the standard IR pass filter provided by Sinton Instruments. (λcut-off = 650 
nm) and no additional neutral filters. This allows for the determination 
of μn+μp over approximately one Δn decade, with higher Δn values 
obtained for wafers with larger τeff and fopt values. Notice that the noise 
in the mobility sum increases at decreasing Δn values as one would 
expect due to the reduced signal-to-noise ratio in the input data. In 
addition, the overall noise of the resulting data also depends on the 
lifetime of the sample, with noise increasing with decreasing wafer 
lifetime. This is because the denominator of Equation (11) becomes 
small when τeff is reduced. In the limit, with τeff approaching zero, both 
measurements would be in identical quasi-steady-state situation, 
breaking the assumptions of the method, and the denominator of 
Equation (11) becoming zero.

4.3. Ge results

After validating the measurement procedure with the Si wafers, we 
now apply it to the Ge samples described in Table 1. As a first step, we 
have taken the same assumption as in Si; this is, assuming that mobile- 
ion interactions have the same behavior as electron-hole interactions. In 
other words, using N + Δn as an independent variable. The results are 
shown in Fig. 3 in symbols, where we have used the optical factors 
shown in Table 1, while solid lines correspond to the calculated 
mobility. As can be seen in Fig. 3, unlike the Si results, the experiments 
do not align well with this theoretical assumption. In the experiments, at 
the lower injection range μs(Δn) seems flatter than theoretically ex
pected, while the decay seems shifted to slightly larger Δn values and 
with a steeper decay. Another even more noticeable anomaly is the fact 
that the very low doped N-type wafers (Ge#1 and Ge#2) present a CCS 
decay starting at lower Δn values than the rest of the wafers. In fact, for 
the very low doped wafers we would expect a greater mobility in 
darkness, but the current assumption for CCS scattering draws the 
mobility very close to that of the low doped ones. This could explain the 

Fig. 1. Calculated vs. experimental values of the optical factor (fopt) for the Si 
and Ge wafers used in the experiments. Symbols correspond to experimental 
data, while the solid lines correspond to linear regressions constrained to cross 
the origin.

Fig. 2. Mobility sum (μn+μp) values for Si wafers. Symbols correspond to 
experimental values and lines correspond to theoretical values considering the 
mobility parametrization used by Sinton’s WCT-120 software [21].

Fig. 3. Mobility sum (μn+μp) values for five Ge wafers. Symbols correspond to 
experimental values and lines correspond to calculations under the assumption 
of equal cross section for electron-hole and mobile-ion interactions and 
considering the low-injection mobility parametrization by Berghuis [33].
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seemingly early CCS effect, as a wrong assumption in the μs(Δn) 
dependence couples to the results through the optical factor, pinning the 
measured mobility to the assumed model at the low injection range, as 
explained in section 4.1.

Driven by the above observations, we have switched to a formulation 
separating ion scattering and CCS scattering with 

μn =
(

μ− 1
n0 + μ− 1

np

)− 1
, (15) 

μp =
(

μ− 1
p0 + μ− 1

np

)− 1
, (16) 

where μn0 and μp0 are the dark mobilities, in the absence of carrier- 
carrier scattering, which are functions of the doping using the 
Caughey & Thomas equation with Berghuis parametrization, and μnp is 
the mobility due to carrier-carrier scattering, which can be determined 
with the expression 

μnp =

A
(

T
300

)3/2

̅̅̅̅̅np√ ⋅log

{

1 + B(pn)− 1/3
(

T
300

)− 2
} , (17) 

with A and B being constants. This last equation is very similar to the 
classical Conwell and Weisskopf formula [10], and can be derived 
applying the classical theory of gasses on the mutual diffusion of two 
groups of oppositely charged particles [9,38,39].

Despite only having two parameters, our data does not allow to 
determine both parameters due to the strong negative slope obtained at 
high injection. This leads to arbitrary large values of B, in effect making 
the logarithmic term independent of carrier density, leading to an in
verse dependence on carrier density at high injection. Furthermore, an 
inverse dependence on carrier density was already observed in the past 
for Ge [11]. In consequence, assuming high injection (n = p = Δn), 
equation (17) can be reduced to: 

μnp =
D

Δn

(
T

300

)3/2

, (18) 

where D is the unique empirical constant. This study is limited to room 
(T = 300 K) temperature and, therefore, the (T/300)3/2 term will be 
omitted from now on. However, although out of the scope of this work, 
the expected T3/2 temperature dependence may be useful to extrapolate 
the results to the typical operation temperature of TPV cells, that can 
operate at temperatures up to 80 ◦C, similar to standard PV cells. Finally, 
it is important highlighting that, at high injection level, the mobility sum 
will approach the expression μs = μn+μp≈2 × DΔn− 1.

We reprocessed the Ge data using the above mobility model with 
parameter D as an independent variable. For any particular D value, we 
first recompute the fopt of the wafers and then recalculate the mobility 
sum, finally checking the consistency level (i.e. the degree of overlap) 
between the obtained values and the assumed model. The best results 
are shown in Fig. 4, which were obtained for a D = 4 × 1020 

cm− 1V− 1s− 1. Larger D values shift the carrier-carrier effect to larger 
injection levels, beyond our experimental data, while lower D values 
both disrupt the correlation of the fopt data and shift the CCS below 
experimental results. In terms of mobility sum, our result can be 
rewritten as μs = 8 × 1020⋅Δn− 1 cm2V− 1s− 1. This result is close to the one 
provided by Davies [11] for the low-doped Ge region in a p+-L-n+

structure, which is the only work, to our knowledge, reporting experi
mental data for the mobility sum in Ge. In that work, he characterizes 
the mobility sum in the low-doped region by analyzing the differential 
potential across the device after a current pulse in the forward direction. 
In concrete, he reports that the mobility sum due to CCS can be 
expressed as a function of Δn as μs = 2.5 × 1020⋅Δn− 1 cm2V− 1s− 1, with a 
mobility sum at low injection of μn0+μp0 = 4800 cm2V− 1s− 1. Despite the 

differences in material quality and measurement technique, this result is 
similar to the one reported hereby, same order of magnitude, and it 
reinforces the conclusions of this work. Our results, however, indicate a 
weaker carrier-carrier scattering effect, around three times, as compared 
to Davies’ results.

In the results shown in Fig. 4, the very low-doped wafers now clearly 
exhibit the highest mobility values, with the CCS effect not kicking in 
until around 1016 cm− 3, making the mobility behavior more coherent in 
the whole sample set. However, there are still some differences between 
the model and experimental data that need to be mentioned. The most 
prominent is the effect of CCS at the highest injection levels, which 
seems to be stronger than expected according to the model. We think 
that this might be due to an artifact in the measurements at very high 
injection levels. In particular, during the initial moments of the flash, the 
condition of homogeneous excess carrier density is not met. In other 
words, during the very initial moments of the flash, carriers do not have 
time to distribute through the wafer, jeopardizing the full validity of the 
equations. To mitigate this we limit the data to the range were the signal 
of the reference cell and the photoconductance signal are both strictly 
decreasing, discarding the initial transient. However, we believe that 
this effect might still be present at the highest injection levels, and needs 
to be further investigated in the future. Additionally, we accept a certain 
generation level in the PCD measurement to reach very high-injection 
levels. Even though our formulation includes generation in the PCD, 
its large derivative term in the PCD measurement at the high-injection 
range might induce errors in the data processing. Furthermore, during 
the processing of the data, both the mobility and its derivative need to be 
deduced, which requires filtering the derivative through model fitting. 
This process is not perfect and can introduce artifacts when the fitting of 
the smoothing model is not optimal. In order to accurately analyze the 
CCS at the highest possible injection levels, careful analysis of these 
potential error sources needs to be performed, which is beyond this 
current work. Finally, our method imposes the mobility at low injection 
through the particular dark mobility model considered during the 
derivation of the optical factor. As a result, any inconsistency between 
these models will also bias and distort the results.

To emphasize the practical significance of the CCS effect, we now 
demonstrate its impact on effective lifetime data at high injection. 
Firstly, it is important to note that the mobility model influences both 
PCD and QSS measurements, with a more pronounced effect in the latter 

Fig. 4. Mobility sum (μn+μp) values for Ge wafers. Symbols correspond to 
experimental values and lines correspond to the proposed model with D = 4 ×
1020 cm− 1V− 1s− 1.
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case (see Fig. 5 as an example with a low doped Ge wafer, Ge#1). The 
impact of the CCS model is particularly noticeable at high injection 
levels in QSS measurements, as mobility strongly affects both τeff and Δn 
values. At Δn values above 1016 cm− 3, the differences in τeff between 
models can result in errors close to 100 % in the worst-case scenario. For 
PCD measurements, however, the effect appears smaller. While the 
mobility model affects Δn estimation in the same way as in QSS data, it 
subtly influences τeff through dμ/dΔn, altering τeff in a way that coin
cidentally follows the natural τeff decay, thereby reducing the total error 
within the measured range.

A precise characterization of the τeff(Δn) curve at high injection 
levels also enables a better quantification of the Auger recombination. 
Auger recombination is an intrinsic process that dominates bulk 
recombination in indirect gap semiconductors under both high-injection 
conditions and in moderately to highly doped substrates. Despite its 
significance, quantifying Auger recombination is challenging, as it 
cannot be directly measured and must be separated from the rest of 
recombination processes. Black and Macdonald proposed estimating the 
ambipolar Auger coefficient, Camb, from τeff(Δn) data in high-quality 
crystalline silicon wafers passivated with dielectric layers that induce 
strong accumulation or inversion [41]. Under these assumptions, the 
total recombination rate expression can be rearranged as 
(

τ− 1
eff − τ− 1

SRH

)
(p0 + n0 + Δn)− 1

=CambΔn+Cpp0 +Cnn0 +(1 − fr)Brad

+
2
w

J0s

qn2
i
,

(19) 

where τSRH is the bulk lifetime due to Shockley-Read-Hall recombina
tion, p0 and n0 are the thermal equilibrium concentration of holes and 
electrons, ni is the intrinsic concentration, Cp and Cn are the Auger co
efficient for the electron-hole-hole and electron-electron-hole in
teractions, Camb = Cp + Cn, Brad is the radiative coefficient, fr is the 
fraction of radiatively emitted photons reabsorbed, and J0s is the surface 
saturation current density. Given that in the right-hand term only the 
first term depends on Δn, Camb can be estimated from the slope of a plot 

representing 
(

τ− 1
eff − τ− 1

SRH

)
(p0 + n0 + Δn)− 1 vs. Δn. Notice that either τSRH 

needs to be high enough to be negligible, or it needs to be estimated 
through self-consistency or by other means.

To further emphasize the relevance of precise CCS characterization 
in Ge, we applied Black & Macdonald’s method to estimate Camb using 
our data. However, the higher radiative recombination in Ge, combined 
with the fact that current surface passivation technology in Ge is not as 
efficient as in Si, makes the application of this method very challenging. 
This is because Auger recombination becomes less relevant across most 

of the injection range. From our heterogeneous sample set, the wafer 
with the highest lifetime at high injection is sample Ge#5. As shown in 
the fitting in Fig. 6b, at Δn>1016 cm− 3, surface, radiative and Auger 
recombination processes become comparable, with Auger becoming 
dominant for Δn>4 × 1016 cm− 3. In this unfavorable situation, using 
QSS data, which has a better signal-to-noise ratio, becomes more 

convenient. Fig. 6a shows the 
(

τ− 1
eff − τ− 1

SRH

)
(p0 + n0 + Δn)− 1 vs. Δn 

curves considering (blue) no CCS, (orange) equal cross-section for ions 
and free carriers (ECS), and (green) the CCS parametrization in this 
work. In Fig. 6a the curve was offset to pass through the origin, cor
recting for surface and radiative recombination, and τSRH was obtained 
through self-consistency fitting of the curve, as shown in Fig. 6b. As seen 
in the results, despite the relatively low lifetime of the sample compared 
to the Auger lifetime, data considering the CCS data from this work 
achieve better results when applying Black & Macdonald’s method, with 
an excellent fit in both panels. With our CCS data we obtained Camb = 7 
× 10− 31 cm6s− 1 (1.9 × 10− 30 cm6s− 1 with no CCS and 8.5 × 10− 31 

cm6s− 1 for ECS assumption), which is within the range of reported 
values in the literature [41–49], with Camb between 4 × 10− 30 cm6s− 1 

and 10− 31 cm6s− 1. In fact, our results seem to indicate that Auger 
recombination would be overestimated when CCS effects on mobility 
are not accurately considered. In any case, accurate quantification of 
Auger recombination is beyond the scope of this work, which would 
require a new wafer set specially prepared for this purpose and accurate 
accounting of additional effects such as Coulomb enhancement at high 
injection.

5. Summary

In this work, we have experimentally studied the decay of the 
mobility in Ge due to carrier-carrier scattering at high injection levels. 
The mobility has been measured as a function of the excess carrier 
density using a contactless photoconductance decay technique. For this 
purpose, the method proposed by Rougieux has been revised and 
improved so that it can be applied reliably at high injection levels. For 
higher accuracy, the optical factor of the samples was theoretically 
calculated and calibrated using wafers with different optical absorption. 
The measurement method was successfully verified by applying it to Si 
wafers, obtaining an excellent agreement between measurements and 
literature data. The analysis of the data for Ge wafers suggests that the 
mobility sum due to CCS can be modeled by the expression 8 ×
1020⋅Δn− 1 cm2V− 1s− 1. Furthermore, the results suggest that the typical 
assumption of equal cross section for electron-hole and mobile-ion 
scattering interactions is inadequate in Ge. Finally, the proposed 
mobility model at high injection has been shown to provide a more 

Fig. 5. Experimental effective lifetime of sample Ge#1 obtained with a short flash (a) and a long flash (b). Three different mobility models were considered: (blue) 
no carrier-to-carrier scattering, (orange) equal cross-section (ECS) for mobile carriers and fixed ions, and (green) the mobility model deduced in this work. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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accurate lifetime data at high injection, which enabled to estimate the 
ambipolar Auger coefficient at Camb = 7 × 10− 31 cm6s− 1.
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