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Absence of carrier separation in ambipolar charge and spin drift in p*-GaAs

F. Cadiz," D. Paget,' A. C. H. Rowe," L. Martinelli,’ and S. Arscott?

'Physique de la Matiére Condensée, Ecole Polytechnique, CNRS, 91128 Palaiseau, France

2Institut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN), Université de Lille, CNRS,
Avenue Poincaré, Cité Scientifique, 59652 Villeneuve d’Ascq, France

(Received 3 August 2015; accepted 4 September 2015; published online 19 October 2015)

The electric field-induced modifications of the spatial distribution of photoelectrons, photoholes,
and electronic spins in optically pumped p* GaAs are investigated using a polarized luminescence
imaging microscopy. At low pump intensity, application of an electric field reveals the tail of
charge and spin density of drifting electrons. These tails disappear when the pump intensity is
increased since a slight differential drift of photoelectrons and photoholes causes the buildup of a
strong internal electric field. Spatial separation of photoholes and photoelectrons is very weak so
that photoholes drift in the same direction as photoelectrons, thus exhibiting a negative effective
mobility. In contrast, for a zero electric field, no significant ambipolar diffusive effects are found in
the same sample. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933189]

Understanding the mechanisms which determine charge
and spin currents in bipolar charge and spin devices is crucial
for future applications. This understanding requires the inves-
tigation of the effects of interactions between electrons and
slower drifting holes in an electric field and of their implica-
tions for spin transport. Two types of interactions have been
considered in the past. First, electron-hole Coulomb drag has
been demonstrated in quantum wells and shown to lead to a
negative effective mobility of minority electrons,' ™ an effect
which can also be induced more generally by thermal fluctua-
tions,” or large concentrations of interacting particles.®
Second, the differential diffusion and drift of majority and mi-
nority carriers lead to the appearance of internal electric fields
of ambipolar origin. The effect of this field on charge and spin
diffusion, in the absence of an applied electric field, has been
investigated in several works.” ' On the other hand, effects
of electron-hole interactions on charge and spin drift in an
electric field have not been widely investigated.'?

Here, we image charge and spin drift in p™ GaAs using a
polarized microscopy technique described elsewhere.'? The
effect of electron-hole interaction is investigated by generat-
ing spin-polarized minority electrons of variable density,
using a tightly focused circularly polarized light excitation of
variable power (1/e half width of 0.6 um, energy 1.55eV).
The profile of the luminescence intensity is monitored. This
gives the profile integrated over depth of n = n, + n_, where
n+ are the concentrations of electrons of spins * along the
direction of light excitation. In the same way, monitoring of
the spatial profile of /(67) — I(67), where I(¢™) is the inten-
sity of the o™ -polarized component of the luminescence,
gives the depth-integrated profile of s = ny —n_.

Sample epitaxial growth was performed starting with a
commercial 2in. diameter semi-insulating (SI) epi-ready
GaAs wafer. A GalnP layer was first grown (nominal thick-
ness of 100nm) confining the photoelectron transport and
ensuring that recombination at the back sample interface is
negligible. The active GaAs layer has a thickness of 3 um
and is doped p-type using carbon to Ny = 10" cm™3. The
surface of this layer is covered with a natural oxide. Hall
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bars were fabricated [see Fig. 1(a)], using electron beam li-
thography masking, ohmic contact (platinum-based) metalli-
zation and dry etching (chlorine-based) processes.

Panel (b) of Fig. 1 shows the intensity profiles at low
power (no ambipolar effects), for a zero applied electric field
E and at 15K. As shown elsewhere,'? this profile is spatially
isotropic, apart from a slight guided signal at the two edges of
the structure. Its typical extent reveals the charge diffusion
length. Panel (c) of Fig. 1 shows the same profile at
E=400V/cm and shows the drifting of electrons from the
formation of an intense tail. This imaging of drift at low
power has been investigated before.'*'> As shown in panels
(d) and (e) of Fig. 1, an increase of excitation power progres-
sively removes the tail of drifting electrons, which seems to
be almost completely absent in panel (e). These results will be
attributed to ambipolar coupling between electrons and holes
since the internal field of ambipolar origin opposes to outward
drift and tends to drive the photoelectrons back to the excita-
tion spot. This internal field essentially lies parallel to the sur-
face and is of the same origin as the Dember field which
rather characterizes ambipolar transport perpendicular to the
surface.'®

These results are shown in more detail in Fig. 2, which
presents the section of these profiles along the direction of
the electric field and the signal at » =0 normalized to the ex-
citation power. Panel (b) shows that, when the excitation
power is increased, an important charge accumulation occurs
at the place of excitation, giving rise to an increase of the
normalized signal at =0. On the other hand, the slope of
the profile at large distance is determined by the local charge
concentrations and is weakly dependent on excitation power.
A similar effect is exhibited by the spin density, as shown in
panel (a) of Fig. 3.

In contrast, as shown in panel (a) of Fig. 2, if no electric
field is applied, the section weakly depends on power, and
the normalized signal at r=0 is constant. This shows that,
for Ny = 10" cm™3, ambipolar diffusion effects are rela-
tively weak for the present range of excitation powers. The
fact that ambipolar effects affect more the drift than the

© 2015 AIP Publishing LLC
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FIG. 1. Panel (a) shows an SEM image
of the p-GaAs hall bar used to study
ambipolar charge and spin drift. Panels
(b)—(e) show the intensity profiles for
selected values of electric field and
power. The photoelectron tail, seen to
appear in panel (c) because of drift in
the electric field, is progressively
reduced when the excitation power is
increased, as a consequence of the in-
ternal electric field caused by slower
drifting photoholes (ambipolar drift).
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diffusion of photocarriers is directly related to the large dif-
ference between the unipolar displacements of photoelectron
and photohole clouds. For diffusive transport (E=0), the
overall relative displacement is zero, so that only the exten-
sions of the electron and hole clouds differ. Conversely, for
drift transport, the clouds are, in a unipolar model, separated
by the sum of electron and hole drift lengths (u, + u,)tE,
where p, and y, are the electron and hole mobilities, respec-
tively, and 7 is the lifetime. This generates a significantly
stronger internal electric field.

For interpreting the results of Figs. 1-3, effects of the
Pauli Principle on the charge and spin diffusivities, as well
as possible thermoelectric effects in the spatial gradient of
the electronic temperature,l7 will be neglected here, since
their effect on ambipolar diffusion is weak. In the same way,
it is assumed that Coulomb drag between minority electrons
and holes is negligible.]’3 This effect should also manifest
itself at low excitation power when an electric field is
applied, thus increasing the velocity of majority holes. Since
in this case the peak of the spatial photoelectron distribution
is not observed to shift, this effect can be excluded (see Fig.
3 of Ref. 15). The fact that Coulomb drag effects are

negligible has been attributed to the small hole mobility in
bulk GaAs, with respect to modulation-doped quantum
wells® and, in the present strongly doped sample, to screen-
ing of the electrostatic interactions by the hole gas.'”

a) Experimental b)Ambipolar
calculation
E=400 V/cm E=400 V/cm

107R Y 107 H\

Spin density (arb.units)

107 10°

20

10 \
1 (pm)

30 30

FIG. 3. Panel (a) shows the spatial profile of s = ny — n_ for increasing val-
ues of excitation power, and in the same conditions as panel (b) of Fig. 2(a).
This reveals that spin density is also sensitive to ambipolar drift. Panel (b)
shows the results of calculations using Eq. (8) assuming that photoelectrons
and photoholes are not separated by the applied field.
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In this framework, modeling of ambipolar drift is per-
formed by calculating first the total electric field E,,. The
electron and hole charge conservation equations can be
written

(g++8-)—n/t+V T, /qg=0, (1)
(8++g ) —n/t=V-Ju/qg=0. 2)

Here, g is the absolute value of the electronic charge, and g+
are the creation rates of electrons of * spin. Here, assuming
that electron-hole radiative recombination is dominant over
other recombination processes, one has 1/t = K(N4 + Jp),
where K is the bimolecular recombination coefficient and dp
is the photohole concentration. As usual, the electron and hole
currents are the sum of drift and diffusive currents, and are
given by fe = aeﬁ,o, + qDeﬁn and fh = (rhE_',o, — thﬁép.
The quantity D, is the hole diffusivity and D, is the electron
charge diffusivity. The conductivities are given by ¢, = qu,n
and o, = qu,(N, + dp), where N, is the concentration of
charged acceptors. Equating Egs. (1) and (2) and neglecting
diffusive transport perpendicular to the surface, one finds

e + -t =, - =
(UT"“)E,O, = (D, — D)V + Ny E + DV (p — n),
(3)

where the first term is the internal field caused by the dis-
tinct diffusions of electrons and holes and aims at restoring
the charge neutrality. The second term differs from the
applied electric field because of ambipolar drift. The third
term accounts for possible departure from local charge neu-
trality and will be shown below to be negligible in steady-
state. Using Eq. (3), the electron and hole currents can be
written

=4 -4 = Dhae =
Jo/q = p,nE +D,Vn+-——V(op — 4
e/q = pE + Dy "t ot on) (op—n), 4
T Halty — 'l Vi DeO'h V.
Jn/g=—"—(N, +p)E —D,Vop — —V (dp —n),
14 i Natop) P~ ot on) (op —n)
®)
where the ambipolar diffusivity and mobility are given by
D D,
D, = Tn T, ©)
O+ 0p
Ny
= . 7
Ha = He )

Note that the latter expression for y, differs from that of Ref.
7, since the electric field which appears in Eq. (4) is the
applied field rather than the total field.

The final expressions of the conservation equations are
readily obtained by replacing in Egs. (1) and (2) the electron
and hole currents by their values given by Egs. (4) and (5).
Using the same approach, one finds the following expression
for the spin conservation equation:

(8+ —8-) — 8/t + V - [U,SE + D, Vs
+D.nVP + D'V (3p — n)] = 0, (8)

Appl. Phys. Lett. 107, 162101 (2015)

where 1/, = 1/t + 1/T; and T} is the spin relaxation time,
(60 +04)D, =0,(D, —D;) and (o, + 0,)D) = Dpgst,.
Here, the spin diffusivity has been taken equal to the charge
one, since spin Coulomb drag effects are negligible at this
doping because of screening by holes.'” In order to solve
Egs. (1), (2), and (8), one uses boundary conditions at the top
and the bottom film surfaces assuming negligible surface
recombination.'®'? It is first be assumed that majority and
minority photocarriers are not separated by the electric field,
so that dp = n. Second, the term D;nﬁ,@ in Eq. (8) is
neglected. The latter assumption is legitimate if the polariza-
tion is spatially constant and also in the present case since, as
found in panel (a) of Fig. 2, diffusion is negligible with
respect to drift. As a result of the latter approximations,
unlike the case of ambipolar diffusion for which the term
D;nﬁ? induces a spin-spin coupling at lower doping
level,?® ambipolar drift does not cause an additional coupling
mechanism. Thus, the spin density drifts like charge, as char-
acterized by the same ambipolar mobility u, and diffusivity
D,.

The values of all the relevant parameters have been
determined previously using time-resolved'® and transport'?
measurements. These values at 15K and for an electronic
temperature T,=53K are u, = 11000 cm?/Vs, u, = 100
cm?/V s, D,=47 cmz/s, D, = 0.47 cmz/s, =360 ps, and
T, = 1050 ps. Using these values, the normalized charge
profiles, calculated using Egs. (1) and (4), are shown in panel
(c) of Fig. 2 and are in satisfactory agreement with the exper-
imental results. The slight difference observed at the maxi-
mum excitation power, for which the calculated signal is
larger than the experimental one, is attributed to heating of
the electron gas. The spin density profiles, calculated using
Eq. (8), are shown in panel (b) of Fig. 3 and are also in satis-
factory agreement with the experimental results.

The good correspondence between the experimental
results and the simplified calculation suggests that the approx-
imation of local neutrality is valid. This approximation is now
discussed in more detail by calculating rather the spatial distri-
butions of electron and hole charges using a numerical resolu-
tion of Egs. (1) and (2), using Egs. (4), (5), and Poisson’s
equation V - E,,, = (q/e€o)(3p — n), where ¢, is the permit-
tivity of vacuum and ¢ is the dielectric constant. A key result
is that the internal electric field of ambipolar origin almost
totally prevents the separation of photoexcited carriers, so that
n = Jp. As shown in panel (b) of Fig. 4, the relative photoin-
duced electric charge |(n — dp)/(n+ dp)| is always smaller
than 1072 so that the assumption of local charge neutrality is
fully justified. The departure from neutrality, implying a slight
downfield increase of hole concentration and a weaker upfield
increase of electron concentration, is sufficient to generate a
significant internal electric field of ambipolar origin enabling
to reach a self-consistent equilibrium. The calculated spatial
dependence of the electric field, for £ =400 V/cm, is shown
in panel (c) of Fig. 4 as a function of excitation power. This
field is comparable with E at all powers apart from the small-
est one of 0.1uW and is even larger than E near r = 0.5u for
the highest power.

The displacement of photoholes adjusts in a self-
consistent way under the effect of the internal field, which is
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FIG. 4. Panel (a) shows the calculated spatial dependence of the relative photoelectron density n/N,4 for an applied field of 400 V/cm and for increasing values
of the excitation power. Panel (b) shows in the same conditions, the relative difference between the photoelectron and photohole density, thus revealing quasi-
neutrality, and Panel (c) shows the total electric field, defined as the sum of the externally applied field E and of the internal field of ambipolar origin. In spite
of the weak relative difference between the local electron and hole charges, the latter field can be larger than E at high power and near the place of excitation.
Panel (d) shows the identical spatial distributions of photoelectrons and photoholes, as implied by charge neutrality. Panel (e) shows the two corresponding
spatial charge distributions in a unipolar regime (replacing the Poisson equation by V.-E= 0). These distributions are in opposite directions, which shows

that the neutrality is a direct consequence of the Poisson equation.

responsible for the third term in Eq. (5) and depends on the
photocarrier distributions. Local charge quasi-neutrality
implies that, in steady-state, this displacement follows the
drift displacement of electrons and therefore is opposite to
the direction of the hole drift current (negative effective hole
mobility). This effect is illustrated in more detail in panel (d)
of Fig. 4, which shows that the calculated spatial distribu-
tions of photoelectrons and photoholes at an excitation
power of 2.55 mW are identical. In contrast, if one neglects
the electrostatic interaction between electrons and holes, by
replacing Poisson’s equation by V -E =0, the hole spatial
distribution recovers its unipolar drifting direction, opposite
to that of electrons (see panel (e) of Fig. 4).

The calculations show that the minority and majority
photocarriers are not separated, (i) even for the smallest exci-
tation power at which, as shown in panel (c), the total field is
very close to the applied field, implying that a very small in-
ternal electric field is sufficient to restore quasi-neutrality,
(ii) up to electric fields as high as 1 kV/cm at which heating
of the carriers becomes significant. This result can be inter-
preted by estimating the order of magnitude of the internal
electric field that the electron-hole system can generate in a
unipolar regime, assuming maximum separation of electrons
and holes. Taking, as shown in panel (a) of Fig. 4, a maxi-
mum electronic concentration at high power slightly smaller
than N4, assuming that this concentration extends over a typ-
ical volume of 1 um?® and that in a unipolar regime holes and
electrons are separated by the sum of electron and hole drift
lengths, we calculate a very large maximum internal field, of
the order of several 10°V/cm. This implies that even a very

slight departure from local neutrality will generate large in-
ternal fields, and will have very strong feedback effects on
carrier distribution, thus imposing quasi-neutrality.

In conclusion, the present work has three main results.
First, ambipolar electrostatic couplings strongly affect drift
transport, but for a zero applied electric field only weakly
modifies the concentration profile and therefore the diffusiv-
ity. Second, unlike for ambipolar diffusion, the spin density
drifts in the same way as charge so that ambipolar drift
should modify the behavior of future bipolar spin transistors.
Third, the effect of the internal electric field is to restore a
quasi-neutrality in the whole space near the excitation spot.
This field is comparable, and even larger at high excitation
power than the applied electric field. Quasi neutrality implies
that majority and minority photocarriers are not separated, so
that photohole drift is determined by photoelectron drift and
not by the electric field direction. As a result, ambipolar cou-
pling provides a mechanism for effective negative mobility
of majority carriers, along with the other processes consid-
ered in the introduction.' -
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