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Using selectively doped GaAs-Aly.37Gap.e3As and GaAs-AlAs heterostructures, we provide con-
clusive evidence for correlations among charged donors, DX ~“-d* in Alg.37Gag.e3As and d¥-d° in
AlAs, which strongly enhance the mobility of a two-dimensional electron gas (2DEG), residing 10
nm away from the charged donors. The determination was accomplished by changing, in the same
structure, the extent of correlations without affecting the total number of charged donors and density
of the 2DEG. An approximate theory accounts for the measured mobilities.

The motion of cold electrons in a perfectly periodic
potential, attained in an ideal crystal, is purely ballis-
tic. In doped semiconductors, however, donor atoms are
spatially random, thus destroying the periodicity of the
crystal and leading to scattering. If domor impurities
were spatially correlated, electron mobilities could be ex-
tremely high. Since this is difficult to realize, selectively
doped heterostructures supporting two—dimensional elec-
tron gases (2DEG’s) are employed. They enable high-
mobility transport of electrons in pure GaAs, for ex-
ample, because the donors are situated in a neighbor-
ing Al.Gaj_.As and are spatially separated from the
GaAs by an undoped Al.Ga;_.As spacer, as seen in
Fig. 1(a).}? Still, for spacers on the order of some 30 nm
or less, the donor impurities limit the low-temperature
mobility. We have chosen this system to look for correla-
tions in the charged donors since it is easy to change, in
situ, the net charge in the donor and 2DEG layers, thus
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FIG. 1. (a) Layer configuration of the §-doped heterostruc-
ture supporting a 2DEG. (b) Energy band diagram of the het-
erostructure under Vg > 0. The two relevant donor levels are
d and DX, and pp is the chemical potential associated with
the donor system.
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affecting the correlations.

The effect of spatial correlations was studied
theoretically® 2 and experimentally!*'7 and various
models were proposed. Small enhancement in mobilities
were observed in bulk samples,’ ¢ however, in 2D sys-
tems correlations were only conjectured by comparing a
few different structures.!” It is quite illuminating to look
at the expression for the low-tenmrperature momentum re-
laxation rate of the electrons 1/7; (with mobility < ),
given by the familiar Fermi golden rule,8
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where (kp + q|, and (kp| are the scattered and ini-
tial electronic eigenfunctions with ky and q the Fermi
and exchanged wave vectors, ¢(r) is the screened poten-
tial produced by the doping layer at the plane of the
2DEG, 0 is the scattering angle associated with q, and
e and A are the known constants. This known repre-
sentation can be expressed also in terms of the corre-
lation function ¢(r) = [dr'¢(r + r')¢(r’) of the poten-
tial. For the matrix element squared in Eq. (1) we find
[(kr + qlé(x)|ks)|® = (1/4%)(q), where ¢(q) is the
Fourier transform of the correlation function and A is the
area, showing the strong dependence of 73 on correlations
among donors. For example, for a random distribution of
impurities ¢(q) = NsAjp(q)|?, with NsA the total num-
ber of ionized donors and ¢(q) the Fourier transform of
the screened potential of a single donor.'® Experiment
indeed shows that the calculated mobilities for uncor-
related potentials can be, in many cases, substantially
smaller than the mobility measured experimentally, pos-

"."sibly resulting from spatial charge correlations among the

donor impurities.

According to a recently proposed negative-U
model,?2° any isolated group-IV domnor in III-V com-
pound semiconductor can be in two different configura-
tions: a shallow, hydrogenic donor (d*,d®) at a substi-
tutional site, and a DX-like, deep donor (DX, that
is, a d* donor binding two electrons), displaced along
the (111) direction away from the substitutional site.?!
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In Si-doped Al.Ga;_.As, the states associated with the
DX states are metastable and enter the gap for z > 0.2.
These energy states, related to the number of Al atoms
in the bond, follow the L band with a maximal activa-
tion energy of some 160 meV at the I'-X crossover point
(z = 0.37).22 Their metastability is exhibited mainly by
their charge persistence below some freeze-out tempera-
ture (around 130 K for z ~ 0.37), that can be explained
in terms of repulsive configurational (electronic-elastic)
barriers for emission and capture of electrons.

We exploit this metastability to change the net charge
and the correlations within the donor layer at elevated
temperatures and freeze them by cooling to low temper-
atures. This affects the low-temperature mobility, which
serves as a sensor for charge correlations. We find an en-
hancement in the mobility of the 2DEG by at least a fac-
tor of 6, for the same electron density, when correlations
among donors are established. Moreover, with these ex-
periments we also verify that the charge of the D X-like Si
donors, in their ground state, is negative, agreeing with
the negative-U model.

Heterostructures of GaAs-Aly 37Gag.¢3As were grown

by molecular-beam epitaxy on (100) semi-insulating ’

GaAs substrates (GaAs-AlAs samples will be discussed
later). The 2DEG was supplied by a sheet of Si doping

(6 doping) (Ref. 23) in the Al-Ga-As with density Ns ="

7.5 x 102 cm~2 and spacer thickness d = 10 nm (Fig. 1).
Substrate temperature was low in order to minimize Si
out diffusion from the § doping plane. Metal gated Hall
bars were fabricated by a conventional photolithograph-
ical process using thermal, rather than electron beam,
evaporation of the metal gate, in order to minimize mo-
bility degradation.?* The mobility, single-particle scat-
tering rate, and density of the 2DEG were measured at
1.4 K via Hall and Shubnikov-de Haas (SdH) measure-
ments, for different ratios of N(d1)/N(DX), where N
stands for the density of the ccrresponding donors. This
was attained by applying a gate voltage, named cooling
voltage V¢, at temperatures above the freeze-out temper-
ature, and maintaining it while cooling the sample to 1.4
K; thus freezing the donors configuration established at
high temperatures (as V¢ increases the relative popula-
tion of DX centers increases). The concentration of the
2DEG, n,, was then changed at 1.4 K by varying the
gate voltage Vg without affecting the frozen concentra-
tion of the DX centers. This thermal cycle was repeated
for different Ve's.

Measuring the electron density, after different thermal
cycles, yielded the respective branches shown in Fig. 2.
Each branch has a linear regime at small Vg’s and a sat-
uration regime at large V’s. The linear regime is a man-
ifestation of a constant capacitance per unit area Cg to
the plane of the 2DEG, namely, the areal density of the
2DEG is given by en, = Cg(Ve — Vp), where Vp is the
depletion voltage [ns(Vp) = 0, seen in Fig. 2]. The satu-
ration regime, however, indicates that electrons flood the
shallow d+ donor sites and screen the field of the gate.

The measured mobilities are plotted as a function of
n, in Fig. 3, for the various thermal cycles. Note the
mobility drop at n, = 6 x 10*! cm™? that is known to
be related to an onset of a second subband transport.?®
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FIG. 2. Areal carrier density of the 2DEG vs gate voltage
for several thermal cycles with different values of cooling gate
voltages V. In the linear regime the charge in the donor layer
is constant, and in the saturation regime the gate is screened.
The depletion voltage, namely, n,(Vp) = 0, is shown for a
particular thermal cycle.

The charge density within the donor layer Qs is constant
for each thermal cycle, in the linear regime, and depends
strongly on V. For the first three thermal cycles it is
calculated, using the appropriate Vp’s and structure pa-
rameters, Qs/e = 5.9 x 10'%, 1.9 x 102, and 3.5 x 102
cm~ 2 for Vo =1, 0, and —1 V, respectively. Even though
Qs varies by almost an order of magnitude the mobility
is found to be almost independent on these three thermal
cycles. This observation provides an important insight
into the charge state of the DX donors. In the model
where the donors are in DX%-d+ states, only the posi-
tively charged donors dt contribute to scattering. This
model predicts a substantial decrease in mobility with
decreasing V¢ due to an increase in N(d¥), contrary to
the observed results. In the DX ~-dt model,'%?° how-
ever, the number of scatterers is constant and equal to
N(d*)+ N(DX~) = N;, and thus, the mobility is ex-
pected to be approximately the same for all V¢’s, as in-
deed observed.

If indeed charge correlations were to set in, when would
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FIG. 3. Mobility vs areal carrier density of the 2DEG
for the different thermal cycles. 'The mobility drops for
Vo < —1 V. Note the onset of second subband transport
for ng > 6 x 10™ cm™?,
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we expect them to be significant? It is convenient to de-
fine by n the fraction of the donors which is negative,
n=N(DX")/Ns, with0 <5 <1. The valuen =0 (n =
1) is realized by thermal cycles with very negative (pos-
itive) Vo's, making all donors d*-like (DX ~-like). For
these extremes correlations among charges cannot take
place because of the random positions of the donors.?6
To calculate 1 we use the net charge in the doping layer
Qs = e[N(d*) — N(DX™)], which depends on V¢, and
the total doping level N5 = 7.5 x 10'2 cm~2, and find for
Ve = —-3,—2,—-1,0,+1 V, = 0.03,0.15,0.27,0.37, 0.46,
respectively. Note, that it is not feasible to reach experi-
mentally n > 0.5 due to an onset of gate leakage current.
So, it is reasonable to believe that correlations might be
important around n = 0.5 (Vo = 0,+1 V) and diminish

for n € 0.2 (Vo < —2 V), as indeed observed in the large

mobility drop seen in Fig. 3.

Correlations can be also partly destroyed via photoex-
citation of electrons out of the DX~ centers.!® Being a
spatially random process, photoexcitation is expected to
create random, persistent d* or d° centers at low temper-
atures, and thus reduce correlations {even though 7 can
still be far from its extremes). To explore this effect the
thermal cycles with Vo = 4-0.5 and +1 V, having large 7
and low n,(Vg = 0 V), were followed by controlled illu-
mination with a sequence of short optical pulses, applied
by an infrared light emitting diode, at Vg =0V and 1.4
K. The process continued until n, sufficiently increased
to the same value as in the thermal cycle with Vo =0 V.
Even though n,(Vg), Qs, Ns, and 1 are identical to these
after the dark thermal cycle with Vo = 0 V, the mobili-
ties are lower by up to a factor of 6 (see Fig. 4). The more
dramatic effect observed when illumination followed the
thermal cycle with Vo = +1 V is a direct result of the
longer illumination needed to restore n,(Vg = 0 V), and
thus the higher randomization of charges.

We discuss now the theoretical implications of correla-
tions among charged donors, based on the DX~ model
we have substantiated above. We derive the Fourier
transform of the correlation function ¢(q) in terms of the
average density of positive and negative scatterers and
the pair correlation functions gep(r). These are the dis-
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FIG. 4. Comparison of calculated and measured mobilities.
The experimental results all lie between the calculated corre-
lated and uncorrelated mobilities.
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tribution functions of the conditional probability to have
a b-type ion at a distance r from the origin given that
an g-type ion is at the origin (a,b = +e). To. calculate
9ab(r), the induced charge density of positive and nega-
tive ions p(r) around a test charge is described in terms
of spatially continuous functions, obtained by employ-
ing the Boltzmann statistics, p(r) « exp[—ey(r)/ksT],
in conjunction with the Poisson equation [where kp is
the Boltzmann constant and ¥(r) is the potential]. The
continuous charge model may be valid only for minor-
ity charges surrounded by majority ones with the op-
posite sign (n is near its extremes); however, at these
extremes, correlations of minority charges are expected
to be weak (as discussed above) and scattering is dom-
inated by the randomly distributed, uncorrelated, ma-
jority charges. On the other hand, near 7 =~ 0.5, when
correlations of both charges are strong and dominate the
mobility, we could not find a theoretical justification for
the continuous model, hence leaving its verification to the
experiment. Assuming weak correlations, which imply
thermal energy at the freeze-out temperature Ty on the
order of the Coulomb energy, e?/Njs/e = kgTy (leading
to Ty > 100 K for our doping level), we find?’

7 _ q 2

where o = €2Nj5/2ckpTs. The term exp(—2dq) arises
from the image charges of the donors due to the 2DEG
conductive plane. Equation (2) predicts that Ty is crucial
in determining the extent of correlations (similar to Ref. 3
which treated a DX0-like model).

Using Eq. (2) in conjunction with the Fang-Howard
wave function for the 2DEG (Ref. 1) we obtained the
momentum relaxation rate and mobility versus 2DEG
density. In Fig. 4 we plot the calculated mobilities for
an uncorrelated scattering potential and for a correlated
one with Ty = 130 K, and compare them with our ex-
perimental results. We find an excellent agreement be-
tween the calculated correlated mobility and the experi-
mental one (for Vo = 0 and single band transport). The
calculated uncorrelated mobility has the lowest value in
Fig. 4, suggesting that residual correlations persist even
after the thermal cycle with Vo = ~3 V (5 = 0.03), or

““after illumination. Note here that our measurements of

the single-particle relaxation times (not shown here), de-
duced from the amplitude of the SdH magnetoresistance
oscillations,?® disagreed with our theory even on a qual-
itative basis.

To further substantiate our results we have fabricated
and measured two other types of heterostructures. (a)
One has the same AlAs mole fraction but with lower
donor concentrations. In general, comparison between
different structures is unreliable since the mobility de-
pends strongly on the spacer width, which is not repro-
ducible to the desired accuracy. Hence we compared
the relative mobility reduction as correlations were de-
stroyed in each structure. We found for structures with
Ns = 7.5 x 102, 2.5 x 1012, 1.0 x 102, and 6.0 x 10!
cm ™2, mobility reduction of up to a factor of 6, 1.8, 1.4,
and 1.3, respectively. This is expected since Coulom-



bic interactions are weaker, and so are the correlations,
when doping is lower. (b) The second heterostructure
has pure AlAs supply layers (spacer width also 10 nm).
They are expected to have a lower effective freeze-out

temperature due to the degeneracy of the single DX level

with the conduction band leading to a population of non-
metastable, shallow-type donors (d™, d°) alone, and thus
higher mobilities. Indeed freeze-out effects were not ob-
served and our thermal-cycle-type experiments were not
possible. However, the measured mobilities were about
twice as high in these samples than in the Al,Ga;_,As
heterostructures for the same Qs (at T = 14 K, p =
5 x 10° cm?/V's for n; = 2.5 x 10! cm™—2), suggesting a
higher degree of correlations.

In summary, by demonstrating a strong mobility en-
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hancement, we give conclusive evidence for existence
of correlations among positively and negatively charged
donors, coexisting in selectively doped GaAs-Al(Ga)As
heterostructures. Moreover, we also prove that the
donors can be either metastable DX~ -like or shallow,
hydrogenic donors, agreeing with the recently predicted
negative-U model. The experimental results were com-
pared with a simple theory that seems to account for the
enhancement in the mobilities due to correlations.
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