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The mobility of electrons in double heterostructures of p-type Gag solng s0P has been determined by
measuring minority carrier diffusion length and lifetime. The minority electron mobility increases
monotonically from 300K to 5K, limited primarily by optical phonon and alloy scattering.
Comparison to majority electron mobility over the same temperature range in comparably doped
samples shows a significant reduction in ionized impurity scattering at lower temperatures, due to
differences in interaction of repulsive versus attractive carriers with ionized dopant sites. These
results should be useful in modeling and optimization for multi-junction solar cells and other
optoelectronic devices. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4847635]

Minority carrier transport plays a critical role in the per-
formance of devices, such as solar cells, light emitting
diodes, semiconductor lasers, and bipolar transistors. While
minority carrier lifetime can vary greatly, depending on dop-
ing and defect density, minority carrier mobility is a more
fundamental material property. It is important for device
modeling and optimization and also provides insight into the
physics of carrier scattering. Direct experimental measure-
ments that lead to minority carrier mobilities, however, are
quite limited. This is especially true for the ternary alloys
used in the highest efficiency multi-junction solar cells.
Multiple devices have now reached efficiencies in excess of
43% over the past 5 years and single cell efficiencies are pre-
dicted to exceed 50% with future work.'"?

The temperature and doping dependence of minority
carrier mobility can be very different than that of majority
carrier mobility. Majority carrier mobilities are routinely
measured using the Hall effect. For minority carriers, partic-
ularly in doped materials, electron-beam-induced current
(EBIC) or Haynes-Shockley type measurements can be per-
formed to determine the minority carrier diffusion length L.
When coupled to independent measurements of lifetime (),
generally through time-resolved photoluminescence (TRPL),
the minority carrier mobility u can be obtained, since

L; = 1/"%#1. However, both EBIC and traditional

Haynes-Shockley measurements require electrical contact
and are often not well suited to the heterostructures of inter-
est. As a result, minority carrier mobility data for ternary
semiconductors are extremely limited.

In this paper, we report temperature-dependent measure-
ments of the minority carrier mobility in Gag sIngsP. This
ternary material is lattice-matched to GaAs and used as the
largest bandgap top cell material in all the multi-junction so-
lar cells that have held recent records for highest single de-
vice efficiency.! We utilize transport imaging, which is a
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contact-free optical approach to the measurement of minority
carrier diffusion length, over the temperature range from
300K to 5K, combined with TRPL measurements over the
same temperature range on the same samples.

The samples are double heterostructures of GalnP, with
Alg,5GagosIng sP barrier layers. The heterostructures were
grown by molecular beam epitaxy on GaAs substrates, with
a GaAs MBE-grown buffer layer. The GalnP layers of inter-
est were 500 nm thick, with top and bottom barrier layers of
50 and 200 nm, respectively. Cathodoluminescence spectros-
copy measurements indicated that the only significant lumi-
nescence was from the GalnP layers, with a peak emission at
~650-660nm at room temperature depending on doping.
Samples studied were either intentionally p-type doped with
Be or nominally undoped.

Minority carrier diffusion lengths were measured via
transport imaging in a scanning electron microscope,>*
which involves measuring the spatial variation of the lumi-
nescence produced when excess carriers are generated in a
fixed location by an electron beam. The concept is illustrated
in Figure 1. The samples are placed in a scanning electron
microscope, where the electron beam passes through a small
hole in the optical microscope reflecting surface. For the uni-
form films of interest here, the electron beam is scanned
repeatedly over a line of length ~80 um. The resulting lumi-
nescence is collected with an optical microscope and
detected by a CCD camera. Figure 1(a) shows a schematic of
the system.

Figure 1(b) illustrates the basic concept: carriers created
at a point will diffuse and some fraction will recombine
along the way, over a characteristic distance given by the mi-
nority carrier diffusion length. By maintaining the spatial in-
formation in the recombination luminescence, the minority
carrier diffusion length can be obtained directly from the op-
tical image. In this regard, transport imaging is different than
scanning cathodoluminescence or photoluminescence, where
spatial information about the sample is obtained by scanning
the excitation point and assuming that all luminescence is
associated with the point of generation. Transport imaging

© 2013 AIP Publishing LLC
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FIG. 1. Transport imaging in the SEM. (a) Excitation and optical collection
system. (b) Carrier generation, diffusion, and recombination. (¢) SEM line
scan and resulting optical image and luminescence distribution.

takes advantage of the fact that this assumption is not
actually valid—the luminescence has a distribution pattern
around the point of generation.

Figure 1(c) shows an example of an optical image that is
obtained and the distribution of the luminescence perpendic-
ular to the path of the electron beam. The symmetry that
results from line excitation on a thin film means that the dif-
fusion lengths can be extracted from analysis of the distribu-
tion / = Ioe(’x/ La) | where I is the intensity, x is the distance
from the excitation line, and L, is the minority carrier diffu-
sion length. This approximation is good when the length of
the excitation line is long and the thickness of the film is
small compared to the diffusion length of interest. The mod-
eling for the diffusion profiles for transport imaging in a thin
film with low surface recombination for both spot mode and
line mode excitation has been published previously.>™

All transport imaging measurements presented in this
paper were performed with an electron beam energy of
5keV and a probe current of 6 x 10~'" A. Low energy elec-
trons and low probe current minimize the generation volume
and injection level, respectively. In the low injection limit,
the lifetime can be treated as a constant. We estimate the
steady state carrier change in majority hole population at this
level of excitation to be ~6 x 10'*cm 3, supporting the low
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injection approximation for both the intentionally doped and
the nominally undoped materials. Variable temperature
measurements were achieved using a liquid helium flow sys-
tem that cools the cold stage within the SEM chamber. The
temperature is monitored with a temperature-sensing diode
embedded in the cold stage.

TRPL was performed using a pulsed, tunable titanium-
sapphire laser with pulse lengths of ~150 fs. The laser output
was frequency doubled to produce excitation pulses with a
wavelength of 405 nm and a total deposited energy per pulse
of ~5 uJ/em? under standard excitation conditions. Sample
luminescence was collected using a streak camera and inte-
grated across the full width of the luminescence spectrum,
approximately 40 nm, to produce TRPL decay curves. Decay
times did not vary significantly with spectral energy for the
excitation power densities considered here. Samples were
mounted in a closed-cycle helium cryostat for variable tem-
perature measurements between 5 and 300 K.

Diffusion length and TRPL measurements as a function
of temperature were performed on both doped and nominally
undoped samples. Doping for the p-type sample was
1x107cm™>. The nominally undoped material is also
p-type, with doping in the range of 10'°~10'®cm ™. Doping
levels are monitored by periodic Hall effect measurements
on samples grown with comparable flux levels of the dopant
material.

Figure 2 shows the results for the diffusion length meas-
urements as a function of temperature comparing the doped
and nominally undoped material. Figure 3 shows the variable
temperature minority carrier lifetime measurements. Both
transport imaging and TRPL measurements were performed
on the same samples. The diffusion length measurements
indicate a difference with the doping, with a longer diffusion
length in the nominally undoped material of about a factor of
two. The diffusion lengths are not strongly temperature de-
pendent in either case. The lifetime measurements also indi-
cate variation with doping and a decreasing lifetime with
decreasing temperature.

Combining the diffusion length and lifetime measure-
ments, the minority carrier mobility (electrons in p-type ma-
terial) can be obtained. This is shown as a function of
temperature in Figure 4. Lifetimes were interpolated for
cases where more data points were available from the
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FIG. 2. Minority carrier (electron) diffusion length as a function of tempera-
ture for doped and nominally undoped p-type GalnP.
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FIG. 3. Minority carrier (electron) lifetime as a function of temperature for
doped and nominally undoped p-type GalnP.

transport imaging measurements. Within the error bars, the
mobility values are quite similar at room temperature for the
two materials. This is consistent with theoretical calculations
of minority electron mobility as a function of doping in the
ternary alloy AlGaAs,® which showed that the dependence of
mobility on doping decreases significantly with increasing
degree of alloying, i.e., increasing mole fraction y in
Ga;yAlyAs. In this case, the 50/50 alloying and the rela-
tively low doping levels make the lattice scattering dominant
at room temperature.

The overall temperature dependence is similar for both
materials. The results suggest polar optical scattering’ as the
dominant scattering mechanism at higher temperatures with
alloy scattering® playing a role at lower temperatures.
Combined modeling of these scattering mechanisms for ma-
jority carriers in GalnP has been presented in Refs. 9 and 10
for comparison to Hall effect measurements. However, no
corresponding comparisons to theory exist for minority
carriers.

We find monotonically increasing values for the minor-
ity electron mobility with decreasing temperature. This is in
contrast to the decrease in mobility that is generally observed
for majority carrier scattering in doped materials. In
Figure 5, we compare our minority carrier electron mobility
values to the temperature dependent majority electron
mobility data available in the literature from Hall effect
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FIG. 4. Minority carrier (electron) mobility as a function of temperature for
doped and nominally undoped p-type GalnP.
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FIG. 5. Minority electron mobility in p-type GalnP as a function of tempera-
ture (this work) compared to majority electron mobility in comparably
doped n-type GalnP (Refs 10 and 11).

measurements on comparably doped n-type GalnP. Data pre-
sented in Figure 5 are for net electron concentrations of
6.5%x 10"°cm™ (Ref. 11) and 7.8 x 10"°cm™ (Ref. 10).
One sees that the majority carrier mobility shows a much
weaker temperature dependence and decreases with decreas-
ing temperature in the lower temperature regime.

Measurements to enable similar variable temperature
comparison between majority and minority electron mobility
have been presented for more heavily doped Si and GaAs,
with minority carrier mobilities measured via bipolar transis-
tor measurements'> and lateral photocurrent collection'® in
Si and via cut-off frequencies in heterojunction bipolar tran-
sistors'* and zero-field time of flight techniques in GaAs."
Theoretical work focused on device modeling requirements
for Si devices identified differences in attractive (majority
hole and N,  sites) and repulsive (minority electron and N~
sites) scattering behavior at lower temperatures.'®!”
Modeling for electron mobility in GaAs also predicted sig-
nificant differences in temperature dependence compared to
majority carrier mobility,'® but was unable to fully explain
the experimental results.'*'> This emphasizes the impor-
tance of direct measurement of the minority carrier mobility,
since estimates based on majority carrier mobility trends are
not reliable, as functions of either doping or temperature.

In summary, we have directly measured minority carrier
diffusion length and minority carrier lifetime as a function of
temperature in ~10'"cm ™ doped and nominally undoped
(~10"-10" cm ™) p-type GalnP via transport imaging and
TRPL over a temperature range from 300K to 5 K. Minority
electron mobilities were then determined as a function of
temperature, indicating dominant scattering contributions
from polar optical phonons and alloying. Minority carrier
scattering from ionized dopants is less significant at lower
temperatures than majority carrier scattering, resulting in a
monotonically increasing minority carrier mobility with
decreasing temperature for the doping levels studied here.
The data are determined from direct optical measurements,
as opposed to the fitting of device results that can involve
multiple fitting parameters, and provide direct access to the
minority carrier mobility. These results should be useful in
device modeling and optimization, particularly for
multi-junction solar cells and other optoelectronic devices.
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Extension to measurement of minority carrier diffusion
length at the higher temperatures of interest to solar concen-
trator applications would be possible with the use of a heat-
ing stage in the transport imaging system.
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