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The charge and spin mobilities of minority photoelectrons in p"-GaAs are determined by
monitoring the effect of an electric field on the spatial profiles of the luminescence and of its
polarization. By using electric fields to increase the photoelectron temperature 7, without
significantly changing the hole or lattice temperatures, the charge and spin mobilities are shown to
be principally dependent on T,. For T, > 70K, both the charge and spin mobilities vary as T, ',
while at lower temperatures this changes to an even more rapid 7, %3 law. This finding suggests
that current theoretical models based on degeneracy of majority carriers cannot fully explain the
observed temperature dependence of minority carrier mobility. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914357]

Understanding the mechanisms which limit the minority
carrier charge mobility z, and spin mobility u in semicon-
ductors is necessary for the correct design of bipolar charge
and spin devices. The electron mobility in p-type GaAs fea-
tures a completely different temperature dependence than
that of majority electrons in n-GaAs for a similar doping
level.' A number of possible reasons for this have been dis-
cussed in the literature, including carrier freezeout at high
hole concentrations,*> screening of ionized impurities,6 and
increasing hole degeneracy as temperature is lowered.’

Here, we experimentally measure the minority electron
mobility as a function of lattice temperature 7, and electronic
temperature T, of p*-GaAs. The ability to change T, without
changing T} using an applied electric field is used to demon-
strate that the charge and spin mobilities are primarily deter-
mined by T,. The sample consists of a 3 um thick, carbon
doped material (N4 = 10"8cm™3). A 100 nm thick GaInP epi-
layer between the semi-insulating substrate and the active
layer ensures that recombination at the interface is negligible.
As shown in Fig. 1(a), a Hall bar was photolithographically
etched into the active layer. Fig. 1(b) shows the dependence
as a function of the lattice temperature (7, ) of the resistivity,
the majority hole concentration, and the mobility. The den-
sity of ionized acceptors is only weakly temperature depend-
ent for this doping level since the impurity band and the
valence band are merged into a continuum of states.*> The
hole mobility at room temperature, i, = 202cm?V~'s7!, as
well as its NTLI/ : temperature dependence below 100K are in
good agreement with previous reports on similarly doped
GaAs. >0

Spin-polarized photoelectrons were generated by a
tightly focussed circularly polarized CW laser excitation (1/e
half width of 0.6 um, energy 1.59 eV unless otherwise stated)
in a setup described elsewhere.'' A maximum excitation
power of 0.01 mW produces a non degenerate photoelectron
concentration of ~5 x 10'*cm™ in the steady state. The
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temperature 7, was monitored from the high energy tail of
the luminescence spectrum. This spectrum was obtained
using a multimode optical fiber placed in the image plane
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FIG. 1. (a) SEM image of the p-GaAs hall bar used to study both minority
and majority carrier transport. Also shown is a 3D representation of a meas-
ured electron density profile when an electric field is applied. (b)
Dependence as a function of lattice temperature of the resistivity (plain
circles), the concentration of ionized acceptors (open squares), and their mo-
bility (open circles).
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FIG. 2. (a) Normalized luminescence spectra for different lattice tempera-
tures. Fits of the high energy tail of the spectra (shown by thicker lines) are
used to estimate the electronic temperature 7T,. (b) Measured T, as a function
of applied electric field for laser excitation energies of 1.55eV and 1.59¢eV,
respectively. The increase of T, a function of E is well explained by Eq. (1)
which assumes an energy-independent energy-relaxation time of 1.5 ps (dot-
ted line) and 1.2 ps (solid line) for each case. Also shown in the bottom
panel (plain circles) is the electric field dependence of the resistivity, which
shows that the hole temperature is not affected by the electric field.

and its shape does not depend on space. As shown in Fig.
2(a), taken at a low electric field of £ =200 V/cm, T, signifi-
cantly differs from T; when the latter is below 100 K.

In this work, application of electric fields small enough
to avoid intervalley transitions'>'? allows us to increase T,
without changing the hole temperature. This is shown in Fig.
2(b) which gives the electric field dependences of T,(E) for
two laser excitation energies, of 1.55eV and 1.59¢V. In
these two cases, the temperatures at zero field, related to the
loss of energy to the phonons, are T,0)=40K and
T.(0)=92K, respectively. Combination of the two excita-
tion energies gives access to 40K < T, < 130K. The lines in
Fig. 2(b) are predictions based on the following simple bal-
ance equation for the power delivered to the electron gas by
the electric field:

3
k[T (E) - T.(0)] = quike, m

where kp is Boltzmann’s constant and ¢ is the electronic
charge. The quantity v, = g E is the drift velocity and tg is
the energy relaxation time. The data are well explained by an
energy-independent relaxation time of tp;=1.2 ps and
T = 1.5 ps for initial electron temperatures of 7,(0) =40K
and T,(0)=92K, respectively. These values are an order of
magnitude larger than values measured at 300 K,'? consistent
with a significant decrease of the energy relaxation rate at
lower temperatures due to less efficient phonon scattering.
Note that, as also shown in Fig. 2(b), in the same conditions
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FIG. 3. Charge density profiles at 7, = 15K for selected values of the elec-
tric field (and hence T,). Dotted lines are fits obtained with Eq. (2) that give
the u,7, product for the charge distribution. The mobility is obtained using
the values of 7, measured independently and also shown in the figure.

the sample resistivity very weakly changes. Since for a local
light excitation, this resistivity is dominated by the hole con-
tribution, this result shows that the hole temperature (7))
remains unchanged. This can be understood by using Eq. (1),
and taking a hole mobility at least 10 times lower than the
electron one and phonon emission times for holes twice as
short.'” Moreover, since the photogenerated hole concentra-
tion is much smaller than Ny, it is concluded that T, ~T; in
all the experiments reported here.

The minority carrier mobility p, is determined by imag-
ing the spatial dependence of the luminescence, which is
proportional to the electron concentration n.'" Fig. 3 shows
sections of these images along the direction of the electric
field for T, = 15 K. Drift of the electrons in the applied elec-
tric field leads to a significant change of the profiles which
are well approximated by the 2-dimensional diffusion result®

! (,LLL,‘L'EE)Z +4D,1,
n(x) o e(,uergEA)/(ZD(,rt,)KO De. x|,

2

where D, and 7, are the electron diffusion constant and life-
time, respectively, and K|, is a modified Bessel function of the
second kind. In a nondegenerate electron gas, the Einstein
relation, D, = [kzT, /g, is valid so that the only fitting pa-
rameter in Eq. (2) is the u,t, product. An independent time-
resolved photoluminescence characterization of the sample
was made in order to measure 7, as a function of electron tem-
perature'* and the values of 7, corresponding to the various
curves of Fig. 3 are also shown in this figure. Thus, a fit of the
luminescence intensity profile with Eq. (2) yields an estimate
for p.. At T, =300K, u, = 1560cm?>V~!s~!, in excellent
agreement with the theoretical value of 1643 cm?>V~!s™! at
similar doping densities predicted by Bennett'> and with the
existing experimental data."”'®'® The spin mobility x, was
measured using a similar approach by using a circularly polar-
ized excitation and a quarter wave plate followed by a linear
polarizer at the reception, thus yielding the profile of the spin
concentration s = n, — n_, where n+ is the concentration of
electrons of spin *, with a quantization axis along the direc-
tion of light excitation.'" The equation for s is similar to
Eq. (2) where D, and 7, are replaced by their spin counterparts
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FIG. 4. (a) The measured electron (solid circles) and spin (open circles)
mobilities, i, and p, for an electric field of 200 V/cm as a function of 7. In
this case, as shown by the variation of T,, shown by open triangles, both T,
and 7, vary. (b) Same data as panel a plotted against T, (solid circles and
open circles for p, and p, respectively). This curve shows a 1/T, variation at
high temperature. Also shown are the dependences of p, and p, at fixed T,
found by varying 7, using the electric field only. The solid triangles corre-
spond to y, for T, ~30—40K and an electric field varying between 200 and
1300 V/cm. The solid and open squares correspond to y, and y; at a lower T,
(T, =15K). A dramatic increase of the mobility is observed, with a 1/743
dependence. The inset of the bottom panel shows the expected dependence
of ry (Eq. (4)) on the exponent p in Eq. (3).

Dy and t,. Using the predetermined value of the spin lifetime,
7, (Ref. 14), an estimation of y is possible.

The results are summarized in Fig. 4. The charge (full
circles) and spin (open circles) mobilities as a function of T},
for a fixed electric field of 200 V/cm are first shown in Fig.
4(a). It is found that p, and y, are equal within experimental
error at all temperatures, thus verifying predictions for a non-
degenerate electron gas in the absence of spin-dependent
momentum relaxation mechanisms.'” For T, > 100K, p,
varies as T;%7® close to the 1/T; behaviour previously
reported in this temperature range.' This exponent is reduced
to —0.25 for T, < 100 K. Fig. 4(a) also shows a linear varia-
tion of T, with T, above 100K followed by a weaker varia-
tion at lower lattice temperatures.

The data of Fig. 4(a) are again plotted in Fig. 4(b) (full
and open circles), this time as a function of 7,. Above 70K,
a clear 1/T, dependence is observed, similar to that reported
elsewhere.! This suggests that what determines the minority
carrier mobility is mostly its own temperature, rather than
that of majority carriers. This hypothesis can be tested by
measuring the T,-dependence of the mobilities when, as
described in Fig. 2(b), T, is varied by changing the electric
field while 77 is held constant. The triangles in Fig. 4(b) cor-
respond to 7, ~35K, while the squares correspond to
T, =15K. For 100K < T, < 200K, the mobility dependence
is well fitted by a 7, ' law. It is striking to see that the
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measured mobility values at fixed 7, are close to those
obtained when T, also varies between 50K and 200K
(circles). This similarity shows that, in this range, the minor-
ity carrier mobility weakly depends on T;. The squares in
Fig. 4(b) correspond to T; ~ 15K and to T, < 50K. In this
range, there is a dramatic increase of mobility, with both
electron and spin mobilities being described by a 7, %3
power law.

The weak dependence of electron mobility on 7; sug-
gests that the mechanism which limits the mobility is scatter-
ing by charged impurities and holes, rather than phonon
scattering. This conclusion is also supported by theoretical
considerations at the high doping levels used here.”®
Considering only scattering by electrical charges, the mo-
mentum relaxation time (t,,) = p,m*/q, where m* is the
effective mass, is written as an average over electron kinetic
energy ¢ of the energy-resolved time 7,(¢). One can write
that 7,,(¢) = a(Ty,T,)¢’, where the exponent p depends on
the efficiency of the screening by holes®' and where, as
found above, the dependence of a(Ty,T,) on T, should be
weaker than that on 7. One then finds

(tm) < a(Ty,T,) - T, 7. 3)

The quantity p is estimated using photoconductivity and
photoHall measurements. Using a defocused laser excitation
to ensure that the photoelectron concentration is homogene-
ous over the Hall bar, the ratio ry = i/, of the Hall mo-
bility 4’ to the drift mobility of minority electrons can be
found. The quantity p can then be determined using'®

I'(5/2+2p)I'(5/2)
'm = ) . (4)
[T'(5/2+p)]
The result is ryp=095+0.25 at T,=95K and

rp=0.8 =0.25 at T,=300K, in agreement with the values
close to unity obtained for majority electrons in n-GaAs.?
Using these values and the graphical representation of Eq.
(4) in the inset of Fig. 4(b), p is found to lie between approxi-
mately —0.5 and 0.5, in qualitative agreement with the pre-
dictions of the Brooks-Herring model?' for screened
collisions by charged impurities. The small value of p
implies that the measured temperature dependence is mainly
that of the prefactor a(Ty, T,) in Eq. (3).

The origin of the T, dependence of the minority electron
mobility is at present not understood. As suggested by the
Brooks-Herring model which considers electron screening,”'
it is probable that a(T;, T,) depends on the screening length,
which itself depends on the temperature. At the doping levels
considered here, the mobility is likely to be determined by
scattering by potential fluctuations caused by the random dis-
tribution of ionized acceptors rather than by individual
charges. For T; =10K, the maximum amplitude of the
unscreened potential fluctuations is of the order of 40 meV.*
While some attempts have been made to include the effects
of screening on transport,’*"** a complete description
including the effect of both disorder and screening is still out
of reach.

This work shows that in developing models for minority
carrier mobility, accounting for the hole distribution alone,
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as proposed by Ref. 7, it is not possible to describe the
observed temperature dependence of the minority electron
mobility since significant variations are measured even when
the hole temperature is constant. The inclusion of minority
carrier statistics in theoretical models is therefore necessary
to better understand minority carrier mobilities in doped
semiconductors.
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