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Abstract

A radio-frequency (RF) photoreflectance technique, which senses changes in
sample conductivity as carriers recombine following excitation by a laser pulse, has been
used to measure the recombination parameters in 0.55 eV InGaAsShb lattice matched to
GaSh. Doubly-capped lifetime structures with variable active layer thicknesses are used
to extract the surface recombination velocity (SRV), while analysis of the samples with
different doping concentrations is used to obtain Auger (C) and radiative (B)
recombination parameters. Parameter extraction for the samples evaluated gives C =1 +
0.4 x 10 cm®/s and B = 3 + 1.5 x 10™** cm?/s for 0.55 eV InGaAsSb lattice matched to
GaSbh. The Auger and radiative recombination coefficients obtained from high-level
injection decay times in low doping concentration samples show very good agreement
with values obtained from low-level injection conditions.

1. Introduction

Antimonide-based semiconductors [1-2] have lattice constants close to 6.1
Angstroms and bandgaps corresponding to the infrared region of the electromagnetic
spectrum. A wide range of electronic bandgaps, bandgap offsets and electronic barriers is
possible with these materials. These properties and the high electron mobility in these
materials enable a wide variety of optoelectronic and electronic devices [3-6].
Antimonide materials are also used in thermophotovoltaics, which involves the
generation of electricity from a heat source using a semiconductor device [7-8]. For a
radiator temperature of 800-1000 °C, the best compromise between power density and
efficiency in a TPV device is obtained with a bandgap in the range of 0.50 to 0.60 eV [9].
High-quality TPV devices have been obtained with InGaAsSb epitaxial layers grown
lattice matched to GaShb substrates [10-13].

Minority carrier lifetime is a critical parameter which determines the performance
of these devices. Estimates of the recombination parameters for 0.55 eV InGaAsSh based
on interpolation of reported data for I11-VV compounds gives a value between 10% cm®s
and 10%° cm®s for the Auger coefficient and between 10™ cm®/s and 10™° cm®/s for the
radiative coefficient [9]. Bulk lifetime and surface recombination velocities (SRVS) in



InGaAsSb at specific doping concentrations have also been reported [14, 15]. In earlier
work [16, 17] we reported initial results on the recombination coefficients in 0.50 to 0.59
eV InGaAsSh. In this paper we obtain more accurate estimates for the recombination
parameters in 0.55 eV InGaAsSh using analysis of samples with a wider range of doping
concentrations and different injection levels.

2. Measurement Technique and Lifetime Structures

A radio-frequency (RF) photoreflectance technique, which senses changes in
sample conductivity as carriers recombine following excitation by a laser pulse, is used to
measure the decay rate of carriers in the sample [14]. Earlier work has successfully
applied this technique to characterize antimonide-based substrates and epitaxial layers
using double-heterostructure confinement [14, 16-18]. A Q-switched Nd:YAG laser
operating at 1064 nm with an energy of 1.5 mJ/pulse is used to excite carriers in the
sample. The pulse width (full-width half-maximum) and decay time are 14 ns and 5 ns
respectively. The total width of the pulse is approximately 40 ns. Carrier generation due
to the laser pulse takes place from t = 20 ns to t = 60 ns in the photoresponse transients
shown in the paper. The decay times of samples are measured after t = 60 ns to eliminate
effect of optical generation on the measured decay times.

The InGaAsSh lifetime structures consist of a single 0.55 eV InGaAsSh p-type
active layer with higher bandgap capping layers at the front and back, as shown in Figure
1. The layers are grown by organometallic vapor phase epitaxy, lattice matched to GaSb
substrates [10]. The capping layers of GaSb (0.72 eV) or AlGaAsSb (~1 eV) limit the
front and back SRVs to the order of ~ 10° cm/s [14].

For a thin doubly-capped structure with small SRVs (Sy, S, << D/W, where D is
the diffusion coefficient of the minority cariers), the effective decay time of carriers in
the active layer is the sum of contribution from bulk and surface recombination, as given
by the equation [14],
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where T IS the effective decay time of the carriers, tg is the bulk lifetime, S; and S; are
the front and back SRVs and W is the thickness of the sample. Assuming low level
injection conditions and S; = S, = S, bulk lifetime can be expressed as,
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In the above equation, taug, Trad, TsrH are the Auger, Radiative and Shockley-Read-Hall
(SRH) lifetimes, C is the Auger coefficient, B is the radiative recombination coefficient
and N is the doping concentration.

Photon recycling [19-22] occurs when photons emitted during radiative
recombination are reabsorbed within the semiconductor layer generating new electron-
hole pairs. Photon recycling increases with increasing sample thickness and has the effect
of prolonging the effective radiative component of the lifetime. The effect of photon
recycling on radiative lifetime can be incorporated by including a ‘photon recycling
factor’ ¢, defined by the equation, 1/traq = BN/¢, where ¢ depends on the thickness of the
sample and is greater than 1. While the photon recycling factor is not explicitly




considered in this work, the radiative lifetimes obtained from the analysis would
represent the longer lifetimes that result from any photon recycling in the samples, and
the obtained effective radiative recombination coefficient (Bess) would include the photon
recycling factor (i.e., Be=B/d). The effect of photon recycling on the obtained
recombination parameters is briefly discussed in Section 7.

Equations (1) and (2) show that epitaxial layers with different thicknesses (W) can
be used to separate the effect of bulk lifetime and SRV. Samples with different doping
concentrations (N) can be used to separate out the contribution from different
mechanisms. Measurements were performed on four sets of 0.55 eV InGaAsSb samples
with active layer doping concentrations of 1 x 10™® cm™, 2 x 10" cm™, and 1 x 10" cm™®,
and different capping layers, as shown in Table 1.

3. Simulation of Photoconductivity Response

Analysis and/or simulation techniques are required to isolate bulk and surface
effects with the lifetime structures. A one-dimensional device simulation tool (PC-1D®)
is used to model the sheet conductance transient response to above-bandgap optical
excitation [23]. The material and recombination parameters of the sample are specified,
and the integrated conductivity transient in response to the laser pulse is assumed
proportional to the RF photoresponse signal obtained from the sample. PC-1D® is also
used to plot the electron and hole concentrations in the sample in response to the laser
pulse and to determine the injection levels.

Use of one-dimensional simulations to evaluate the photoconductivity response of
the lifetime structures to the optical injection pulse has been reported in detail earlier
[16]. Simulations show that the peak hole concentration in the epitaxial samples is
approximately 10'® cm™ for laser pulse energy of 1.5 mJ. For the 2 x 10*" cm™ doped
samples shown in Table 1, the hole concentration decreases to < 2.3 x 10'” cm™ for t =
150 ns or greater (after the laser excitation). The 2 x 10*" cm™ and 1 x 10™® cm™ doped
samples are in low-level injection (LLI) conditions when the decay times are measured,
and the electron concentrations in the samples are less than 1/10 of the hole
concentrations. For the 5-um thick 1 x 10 cm™ doped sample (01-448), the electron
and hole concentrations are comparable and greater than the doping concentration for
more than 500 ns following the optical excitation; therefore this sample is under high-
level injection (HLI) conditions when the decay times are measured.

4. Experimental Results

RF photoreflectance measurements were performed on the four sets of samples
shown in Table 1. The photoresponse obtained from the 01-484 to 01-488 series samples
(2 x 10" cm™ doped active layers and AlGaAsSb capping layers) at 1064 nm and pulse
energy of 1.5 mJ is shown in Figure 2. The amplitude of the photoresponse as well as the
decay time increases with increasing sample thickness. The decay time increases due to
the smaller amount of surface recombination with increasing thickness as shown by
equation (2). The inverse of the decay times is plotted against the inverse active layer
thicknesses and the best straight line fit through the points is obtained (Figure 3). The
bulk lifetime and surface recombination velocity for the sample series can be obtained as:
SRV = slope / 2, bulk lifetime = 1 / y-intercept. The 01-484 to 01-488 series shows bulk
lifetime = 81 ns and SRV = 680 cm/s.



The 01-506 to 01-510 series consists of samples with 2 x 10" cm™ doped p-
InGaAsSh active layers and 2 x 10™ cm™ doped p-GaSb capping layers. The decay times
of the samples vary from 27 ns to 54 ns (Table 2), and are approximately 20 ns shorter
than the decay times of samples with AlGaAsSb capping layers. Plotting the inverse
decay times against the inverse active layer thicknesses gives bulk lifetime = 100 ns and
SRV = 1350 cm/s. The bulk lifetime of is comparable to that of the 01-484 to 01-488
series (81 ns), but the SRV is almost twice the value obtained (680 cm/s) for the
AlGaAsSb capped samples. The extraction of B and C coefficients compatible with the
decay times of the above samples is discussed in Section 5.

The photoresponse obtained with the 10*® cm™ doped sample (98-817) is shown
in Figure 4. The sample has a decay time of approximately 8 ns. The low decay time
measured for the 10*® cm™ doped sample could be attributed to the low Auger lifetime at
this high doping concentration. The analysis of the 2 x 10" cm™ and 1 x 10*® cm™ doped
samples to obtain the B and C coefficients is discussed in Section 5.

01-448 is a 5 pum thick unintentionally doped (10" cm™) p-InGaAsSb sample
with unintentionally doped (10'® cm™) GaSb capping layers. The photoresponse of the
sample at 1064 nm and 1.5 mJ pulse energy is also shown in Figure 4. As mentioned in
Section 3, a sample doped at 10*® cm™ is in high-level injection condition for more than
500 ns after the laser excitation. The decay times of the sample at t = 100 ns, 150 ns, 200
ns and 300 ns are 62 ns, 110 ns, 160 ns and 215 ns respectively. The simulation of the
photoresponse of this sample is discussed in Section 6.

5. Extraction of Recombination Coefficients using Doped Samples

This section describes the extraction of B and C coefficients from the decay times
of the 2 x 10'" cm™ and 10 cm™ doped samples. The SRV is obtained from active layers
with different thicknesses as explained in Section 4, and a value of 1 ps is assumed for
the SRH lifetime in accordance with recent results on undoped p-type epitaxial samples
[11]. The known values of SRV and SRH lifetime can be used to determine the B and C
coefficients compatible with the decay time of a sample. The 3 um thick sample 01-486
(with 2 x 10*" cm™ p-doped active layer and AlGaAsSb capping layer) with decay time of
53 ns is used to describe the methodology.

Figure 5 shows the PC-1D® simulation transients for three different sets of
radiative (B) and Auger (C) coefficients: B = 1 x 10™ cm®s, C =5 x 10?° cm®s; B = 3 x
10 cm¥s, C = 10 cm®s; and B = 5 x 10™ cm?/s, C = 3 x 108 cm®/s used initially to
simulate sample 01-486. An SRV of 680 cm/s is used based on the results in Section 4
and a value of 1 ps is used for the SRH lifetime [11]. The three sets of B and C
coefficients give decay times of 78 ns, 53 ns and 32 ns respectively. Figure 5 shows the
sensitivity of the decay times to the values of B and C coefficients, and that the
combination B = 3 x 10! cm®s and C = 1 x 10°%® cm®/s satisfies the decay time of 53 ns
observed for the 3 um sample.

Since more than one combination of B and C coefficients can result in a decay
time of 53 ns, the combination of B and C values which result in a given decay time can
be determined as follows. The effective decay time due to the different recombination
mechanisms can be written as,
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With terr = 53 ns, tsp = 1 pus, S = 680 cm/s and W = 3 um, equation (4) gives
Trad-Aug = 79 NS. Simulations show that the hole concentration in the sample at t=150 ns
following the laser excitation is approximately 2.3 x 10*" cm™. The possible B and C
coefficients which give trad-aug = 75 NS can be obtained by plotting the Auger coefficient
versus the radiative coefficient using the expression BP + CP? = 1/75 ns, with P = 2.3 x
10" cm™. This procedure can be applied to the other four samples with AlGaAsSh
capping layers (1.2 um, 1.5 um, 2.1 um and 5 um thick), as well as the 01-506 to 01-510
series (2 x 10" cm™ doped active layers and p-GaSb capping layers). Very good
agreement is obtained between the results for AlGaAsSb capped samples and also
between p-GaSb and AlGaAsSb capped samples. The solid lines in Figure 6 show the
plots of radiative and Auger coefficients obtained for five 2 x 10*" cm™ doped samples
(01-486, 01-487, 01-488 with AlGaAsSh caps and 01-508, 01-509 with p-GaSb caps).

Decay times of samples with different doping concentrations are required to
determine the B and C coefficients. If only two samples with two different doping
concentrations are considered, the point at which the B vs. C curves for the two samples
intersect would give the B, C values satisfying the decay times of both samples. But since
there are multiple samples with 2 x 10*" cm™ doping concentration and these samples
show a spread in the extracted B vs. C curves, we need to consider a range of values for
the B and C coefficients.

The 10" cm™ doped sample (98-817) has a decay time of 8 ns as shown in Figure
4. Simulations show that the hole concentration in the sample decreases to the
background doping concentration of 10*® cm™ for t > 60 ns, and the sample is in LLI
condition. The combinations of B and C coefficients satisfying the 8 ns decay time
calculated using equation (4), assuming P = 10*® cm™ and SRV = 10° cm/s, is indicated
by the dashed line in Figure 6. The curve for the 10 cm™ doped sample intersects the set
of curves for the 2 x 10" cm™ doped samples for B=21t0 4 x 10 cm®/s, C=0.7t0 1.2 x
108 cm®/s. Therefore, the range of B and C coefficients consistent with the measured
decay times of the samples is B ~ 3 + 1 x 10™ cm®s, and C ~ 1.0 + 0.3 x 10 cm°ss.
This range of values is indicated in Figure 6.

6. Simulation of unintentionally doped (10" cm™) sample using the obtained
recombination parameters
In this section, the photoresponse of the unintentionally (10'® cm™) doped sample
01-448 is simulated using the B and C coefficients obtained in Section 5. The decay times
observed with the sample at t = 100 ns, 150 ns, 200 ns and 300 ns are 62 ns, 110 ns, 160



ns and 215 ns, respectively as shown in Figure 4. Unlike the 2 x 10*" cm™ and 10*® cm™
doped samples, the unintentionally doped sample is in high-level injection conditions
(comparable electron and hole concentrations) when the decay times are measured, due to
the low doping concentration. Noise limitations of the current experimental set-up
prevent measurements of the undoped samples at lower injection levels.

Modifications in SRH lifetime, Auger lifetime, and SRV under HLI conditions
are considered as follows. The SRH lifetime under HLI conditions is the sum of the LLI
electron and hole SRH lifetimes. Measurements on undoped (10'° cm™) p-InGaAsSh
epitaxial samples show an electron SRH lifetime of approximately 1 us in p-type
materials [11]; a value of 1 pus is also assumed for the hole lifetime. Similarly, the
effective SRV decreases and the surface lifetime increases under HLI conditions.
Dhariwal et al. [24] have obtained an effective SRV, (Serr)Li = (1/2)(SnSp)"?; assuming
Sn = Sp, (Setr)ur = (1/2)S,. For the simulations, the low-level SRH lifetimes and SRVs are
specified, and the models in PC-1D® incorporate the above modifications for HLI
conditions.

Under HLI conditions, the effective Auger coefficient is the sum of the Auger
coefficients under LLI conditions (C, and C,). Calculations by Flatte and Grein [25-27]
show no significant difference between values of C, and C, for antimonide-based
materials. The simulations done here assume C, = C, = C and a value of 2C is used as the
Auger coefficient under HLI conditions. The above modifications for the parameters are
included in the models for simulating the HLI photoresponse of the sample.

The photoresponse of the unintentionally doped sample is simulated using PC-
1D® with the B and C coefficients (B = 3 x 10™ cm®s, C = 10% cm®/s) obtained in
Section 5 using the 2 x 10'" cm™ and 10" cm™ doped samples. A low-level injection
SRV of 1000 cm/s is used based on the average of SRVs obtained for 2 x 10*" cm™
InGaAsSh active layers with AlGaAsSb (680 cm/s) and p-GaSb (1350 cm/s) capping
layers, and a SRH lifetime (LLI) of 1 us is specified. The simulated photoconductivity
response as well as the experimental photoresponse of the sample are shown in Figure 7.
The figure shows very good agreement between the two curves between t = 100 ns and t
= 500 ns. Therefore, the B and C coefficients obtained by considering the decay times of
the doped samples under LLI conditions are compatible with the photoresponse obtained
for the unintentionally doped sample under HLI conditions.

7. Consideration of Photon Recycling

The above analysis does not take into account the photon recycling factor for
calculation of the recombination coefficients. The effect of photon recycling increases
with increasing sample thickness, with the longer decay times in thicker samples
attributed to a longer effective radiative lifetime due to a larger photon recycling factor.
The above analysis assumes that the slope of the 1/ter vs. 1/W plot for samples with
different thicknesses is entirely due to surface recombination (for example, Figure 3). In
the presence of photon recycling, the actual SRV at the interface is lower than the value
obtained from the slope of the straight line fit [21]. Since the effective B coefficient
obtained from our data analysis includes the photon recycling factor, the real radiative
recombination coefficient in the material would be larger than the value estimated above
(i.e., B=0Bess). The decrease in inverse decay time with the thicker (5 um) sample shown
in Figure 3 is compatible with photon recycling being significant in this sample. Recent



results with other samples showing appreciable photon recycling indicate comparable
values for B and C as obtained here [28].

8. Uncertainty in Parameter Extraction

The uncertainty in evaluation of the recombination parameters due to errors and
uncertainties in the measurement setup and sample parameters is briefly discussed below.
Assuming statistical independence, the final error in the values of B and C is the square
root of the sum of the square of errors due to each of the different factors. Extensive
measurements of lifetime samples using the RF photoreflectance system show that the
repeatability in measuring the photoresponse and estimating the decay time of a sample is
within 5%, while the error in estimating the surface recombination velocity from 1/tes Vs.
1/W plots is approximately 10% for the sample thicknesses used in this research. The
measured doping concentrations in the epitaxial samples are accurate to within £10 %.
Analysis shows that an error of 10% in the doping concentration results in an error of
approximately 20% in the estimates for B and C. Analysis also shows that a factor of 2
error in SRH lifetime (from the assumed value of 1 us) would result in a change in B and
C coefficients of approximately 10 %.

There is an uncertainty in the estimation of B and C due to the range of values
obtained from different sample series. Assuming the baseline parameters, C = 1 x 10°%®
cm®s and B = 3 x 10! cm¥s, the range of Auger and radiative coefficients from the
different samples are approximately 30% and 40% respectively, as obtained in Section 5.
Combining the error above with the 5 % error due to repeatability and decay time
estimation in the RF photoreflectance system, the 10% error due to SRV estimation, the
10% error due to possible error in SRH lifetime and 20% error in B and C due to doping
concentration uncertainty, results in a net uncertainty of ~ 40% for the Auger coefficients
and of ~ 50% for the Radiative recombination coefficients. Therefore, C = (1 £ 0.4) X
102 cm®s and B = (3 + 1.5) x 10" cm®/s for 0.55 eV InGaAsSb lattice-matched to
GaSbh (Ing.15GapssAS0.14Sbo ss). Including the effects of photon recycling would require
small changes in the obtained SRV and radiative coefficient. However since most of our
results are with epitaxial layers < 4 um where photon recycling is not a major factor, we
believe that B (not only Bes) is within the quoted range for 0.55 eV InGaAsSb lattice-
matched to GaSb.

9. Device Implications and Summary

The Auger, radiative, SRH and net low-level injection bulk lifetime (with C =1 x
102 cm®s, B = 3 x 10™ cm?®/s and SRH lifetime = 1 us) for doping concentration (P)
ranging from 10* cm™ to 10" cm™ is shown in Figure 8. The figure shows that for P = 2
x 10" cm™, the low-level injection bulk lifetime is ~ 90 ns, which is in very good
agreement with the value of 95 ns obtained by Saroop et al. [14] for 2 x 10*" cm™ doped
InGaAsSb samples. The obtained B and C coefficients show good agreement with
recently reported lifetime results on InGaAsSb [28, 29]. The key lifetime limiting
mechanisms as a function of doping concentration are summarized in Table 3.

While quantitative evaluation of recombination parameters has been emphasized
herein, the research is motivated by the impact on the design and performance of
minority carrier devices. Peak internal quantum efficiency greater than 90% has been
reported on epitaxially grown 0.55 eV InGaAsSb TPV cells with AlGaAsSb window



layers [30]. The quantum efficiency of a 0.55 eV InGaAsSbh TPV cell was simulated
using the obtained radiative and Auger coefficients. The simulated cell had a 5 um thick
2 x 10%" cm™ p-InGaAsSb emitter, a 1 um thick 5 x 10*” cm™ n-InGaAsSb base and a 500
um thick 2 x 10* cm™ n-GaSb substrate. The peak internal QE of ~ 90% observed in the
simulations with the obtained recombination parameters is in agreement with the
experimental QE results [31]. While higher doping concentration in the p-type emitter is
desirable for lower contact resistance, the lower lifetime depicted in Figure 8 leads to
reduced TPV cell performance.

In summary, RF photoreflectance measurements, one-dimensional simulations
and analysis on p-type InGaAsSb lifetime structures with GaSh and AlGaAsSb capping
layers give an Auger coefficient, C, = (1 + 0.4) x 10%® cm®s and a radiative
recombination coefficient, B, = (3 £ 1.5) x 10™ cm?®/s for 0.55 eV p-type InGaAsSh
lattice matched to GaSh. The B and C coefficients obtained from analysis of decay times
at high-level injection conditions in the unintentionally doped sample show good
agreement with the values obtained from low-level injection decay times using samples
with different doping concentrations. The obtained recombination parameters are
compatible with reported quantum efficiency results in InGaAsSb TPV cells, and provide
useful information for TPV device design.
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Tables

Sample /_ Actiye Layer Active _Layer Capping Layer
Sample Series Thickness Doping
01-448 5 um 1x10"%cm® 1 x 10" cm™ p-GaSb
01-484t0 01-488 | 1.2 umto5um | 2x 107 cm® | 2 x 10" cm™ p-AlGaAsSh
01-506 t0 01-510 | 1.2 umto 4 um | 2x 10" cm? 2 x 10" cm™ p-GaSb
98-817 3um 1x 10" cm?® 1 x 10" cm™ p-GaSb

Table 1. Structure of 0.55 eV InGaAsSh samples with variable doping concentration

Sample Thickness (um) Decay Time (ns)
01-506 1.2 27
01-507 15 36
01-508 2 46
01-509 3 51
01-510 4 54

01-506 to 01-510 series

Table 2. Sample active layer thicknesses and observed decay times for

Doping Concentration (P) | LLI-limiting mechanism(s) LLI Lifetime
<10*cm? Shockley-Read-Hall (SRH) 1ps
3x10% cm® SRH and Radiative 500 ns
10" cm’® Radiative 200 ns
3x 10" cm™ Radiative and Auger 50 ns
> 10" cm™® Auger <8ns

Table 3. LLI-limiting mechanism(s) for InGaAsSb lattice-matched to GaSh
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Figures

p-type GaSh or AlGaAsSh capping layer ~100 nm
p-type 0.55 eV InGaAsSb active layer 1to5um
p-type GaSh or AlGaAsSh capping layer ~100 nm
n-GaSh substrate ~ 500 um

Figure 1. Schematic of an InGaAsSb lifetime structure grown lattice-matched to GaSh
substrate

01-487 (5.0 um) -
01-486 (3.0 um) -
01-485 (2.1 um) -
01-484 (1.5 um) -
01-488 (1.2 um) -

Photoresponse (mV)

time (ns)

Figure 2. Photoresponse of samples with 2 x 10 cm™ doped active layers and
AlGaAsSb capping layers (01-484 to 01-488 series)
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Figure 3. Extraction of bulk lifetime and SRV for series 01-484 to 01-488

98-817: 101*63 cm'z doped —+
01-448: 10" cm™ doped | -
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Figure 4. Photoresponse and decay times of the 3 um thick 10'® cm™ doped sample (98-
817) and 5 pum thick 10* cm™ doped sample (01-448)
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—— B=1x 10;11l cm;/s, C=5x 1%:9 chG/s I
e—— B =3x 10'1l cm3/s, C=1x 10'28 cm6/s
=———=a B=5x10 "cm’/s,C=3x10"cm/s

Excess sheet conductance (Siemens/square)

0 50 100 150 200 250

time (ns)

Figure 5. Simulated transients for the 3 um thick sample for three different sets
of radiative (B) and Auger (C) coefficients (SRV =680 cm/s, tsgry = 1 ps)

Auger Coefficient, C (cmels)

-12

-11 -10

10 10 10 10

Radiative Coefficient, B (cmgls)

Figure 6. Combinations of B and C coefficients satisfying the observed decay times for
2 x 10%” cm™ and 10" cm™ doped samples
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Figure 7. Experimental photoresponse and simulated photoconductivity response of
5 um thick unintentionally doped sample (01-448).
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Figure 8. Auger, radiative, SRH and net low-level injection bulk lifetime vs. doping
concentration for the obtained recombination parameters
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