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Remote impurity scattering in modulation-doped GaAs/AlGa;_,As heterojunctions

M. Hayne
Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium
and Department of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

A. Usher
Department of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

J. J. Harris
Department of Electronic and Electrical Engineering, University College, London WC1E 7JE, United Kingdom

V. V. Moshchalkov
Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200D, B-3001 Leuven, Belgium

C. T. Foxon
Department of Physics, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom

(Received 24 November 1997

We have investigated the time-dependent mobility and density of a modulation-doped G&®s/ARs
heterojunction subsequent to the ionizationDoX centers using the persistent photoconductivity effect. Our
results are in excellent agreement with a simple theory of mobility limited by independent charged scattering
centers. We show that these scattering centers are fluctuations in the average impurity potential which princi-
pally arise due to the presence of both positively and negatively charged impurities, and that the effect of
correlation among charged impurities can be treated in terms of the removal of individual potential fluctua-
tions.[S0163-182(08)05520-9

. INTRODUCTION Experiments in both GaAs/ABa _,As heterojunction®
and bulk AlGa, _,As sample}' suggested that, for typical
Much effort has gone into trying to understand the effectand doping concentrations of the 8a _,As in heterostruc-
of remote ionized impurity scattering on the mobilityof  tures, the maximum number of Si donors foBX centers
the two-dimensional electron ga@DEG) in modulation-  during cooling, so that prior to illumination there are no neu-
doped GaAs/AlGa, _,As heterostructures.’ Ten years ago, tral donors. Since the total number of Si donors in these
these efforts appeared to be quite successfivlen the sim-  structures can be as much as ten times the 2DEG density
plest approach, which approximated the 2DEG wave functhis results in a corresponding decrease in the calculated mo-
tion in the growth direction to & function, and considered bility. Attempts to resolve this led to the assertion that the
all the remote impurities as independent scattering centerpositively and negatively charged impurities correlate their
appeared to work reasonably welA general tendency for positions to form dipole pairs while the sample is cooled,
theoretical mobilities to underestimate the experimental valsuch that the scattering is reduc¢eBvidence of such corre-
ues, particularly for large spacer widths, was subsequentliations is found in the form of multiple values @f depen-
attributed to the incorrect assumption that individual donordent on the method by which a given is achieve®® In-
impurities are independent scattering centeBecause of clusion of these effects makes the calculationuofather
the separation between the doping layer and the 2DEG inomplicated, and raises the question of why the earlier theo-
modulation-doped heterostructures, the electrons are unabiies, which ignored all of the above complications, were in
to distinguish individual impurity atoms, and scatter from such good agreement with experiment.
fluctuations in the average disorder potential. Invoking this In this paper we provide an answer to this question by
correction led to a considerable increase in the calculatedemonstrating that scattering from remote ionized impurities
mobilities® such that they then overestimated the low-is consistent with a simple model of an array of independent
temperature experimental values. scatterers, and show that these scatterers are due to fluctua-
However, an assumption which all of these studies had iions in the disorder potential. In an earlier wdrkye used
common is that the remote impurities are either neutral oconsecutive bursts of illumination from an infrared light-
positively charged, as would be expected for shallow donoemitting diode(IRLED) to induce the persistent photocon-
impurities. A serious difficulty arises with the inclusion of ductivity effect, and measured the subsequent changes in
the model ofDX centerg proposed by Chadi and Chang in andu of two GaAs/AlLGa _,As single heterojunctions with
19882 in which a neutral Si donor captures an electron fromdifferent spacer widths. We found that in the narr@®90 A)
a second Si donor, creating a negatively chabédcenter, spacer sample the rate of increasenindropped exponen-
and leaving an unoccupied positively charged shallow donottially with illumination time. In contrast, the widé400 A)
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FIG. 2. Time dependence of the changeninpafter 8-min illu-

mination plotted asg,rng, Whereng, is the apparent asymptotic
FIG. 1. u (squaresandng (circles as functions of time after 8 value ofng, for (a) 0.3 K, (b) 1.3 K, and(c) 2.3 K. The lines ar¢a)
(closed symbolsand 2(open symbolsmin of illumination at 0.3 linear fit, (b) and(c) guides to the eye.
K. The lines are guides to the eye, and the arrows indicate the dark

values. increase for 8-min illumination.

The changes afiy andu with time are equally interesting,
spacer sample initially showed no changenin but an ex- and it is these on which we now concentrate. As can be seen
ponential decrease in the number of independent scatteririg Fig. 1, small changes img continue over many hours,
centers. with little or no change inu. For 2-min illumination the rate

For this study we concentrate on the wide spacer sampl&f change ofng shows an approximately exponential de-
but use a slightly different approach, illuminating for a given crease when monitored for a period of 8 h, with a time con-
time, then monitoring the subsequent changesJrand w stant of about 13 h. In the case of 8-min illumination it is 4
with no further illumination. In agreement with our earlier h[Fig. 2(@)]. As the temperature is increased, this behavior is
work, we find an immediate enhancementwofup to 24%.  no longer observed, with the increaserig slowing faster
This is followed by a slow increase m, which is dependent than an exponential functidirigs. 2b) and Zc)]. It is worth
on a number of experimental parameters, but reproduciblyoting that the observation of nonexponential behavior at 1.3
proportional to the change in the number of independenand 2.3 K is reliable, since the changesninbecome very
scattering centers. This rather surprising result clearly showsmall at higher temperatures on a reasonable time scale. In
that the scattering due to the remote impurities is indeegeneral, we find that the rate of changeninis dependent on
from an array of independent scattering centers, as previhe amount of illumination, the time after illuminatignon-
ously assumed? We go on to demonstrate that these scat-exponentially, the temperature, and the cooldown. The ef-
tering centers are fluctuations in the average potehtialfects of the last were particularly noticeable for 2-min illu-
dominated by the effect of having mixéide., positively and  mination, so we shall now restrict our discussion to the 8-
negatively charged impurities. Finally, we show that the ef- min case. Despite this wide ranging behavioninand u as
fect of impurity charge correlation is equivalent to a reduc-a function of time, we find that there is a consistent relation-
tion in the number of fluctuations. ship between them, independent of time, temperature and
cooldown for the same illumination period. Our interpreta-
tion goes as follows. First we take the very simplest approxi-
mations for calculatingt; a & function for the 2DEG wave

The 400-A spacer sample was cooled ifHe cryostat to function in the growth direction, and independent scattering
temperatures between 0.3 and 4.2 K in the darknjtandy ~ from charged impurities. We neglect all other scattering
prior to illumination were reproducibly equal to (2.21 Mechanisms. Following Leet al,” we obtain
+0.02)x 10" cm™2 and (1.560.01)xX10° cn?/V's, re-

Il. RESULTS AND ANALYSIS

spectively, at 1.3 K and below, witlx dropping to 1.39 Anls®
X 1P cn?/V's at 4.2 K. It was then illuminated using an M:m, (1)

IRLED for a fixed time(2 or 8 min at a constant current of
1 pA. The subsequent changesrig and . were monitored
over a period of up to 10 h at constant temperature usingvhereN is the density of scattering centers before illumina-
low-field Hall and zero-field resistivity measurements. At thetion, AN is the change in the density of scattering centers,
end of this process the sample was warmed up again, arahd A is a constant which depends on the distance of the
recooled ready for the next measurement. Figure 1 shows wave function from the beginning and end of the doped re-
andng as functions of time at 0.3 K after illumination. It can gion of the AlGa, _,As. In principle,A varies withng, but

be seen that there is a large immediate increage itb% in  the movement of the 2DEG wave function is rather small
the case of 2-min illumination, and 24% for 8-min illumina- compared to the spacer width, so we neglect it and take an
tion. In contrast, the immediate increasesyare extremely average value. In the darkg=ngy, w=po andAN=0, so
modest, with no discernible change for 2 min, and a mere 4%we can illuminateN, and rewrite Eq(1) as
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FIG. 4. Potential along a line due to a random array of charged
purities, arranged as shown schematically in the inset. The dark
shaded region corresponds to the depletion refpositive charges
only), and the light shaded region indicates mixed chafgesitive

and negative

FIG. 3. Change in the areal density of independent scatteringgm
centersAN, as a function of the change im; for 8-min illumina-
tion at 0.3 K(circles, 1.3 K (squarey 2.3 K (up triangleg and 4.2
K (down triangle. The negative values cAN correspond to an
increase in the mobility.

the dark, i.e., a concentration of 1:8330' cm™2 impurities
n® niy in a semi-infinite array 380 A thick placed 400 A behind the
( ) (2)  line (see the inset to Fig.)4For illustrative purposes, we
have assumed that the X20' cm? electrons in the 2DEG

o come from impurities closest to the line, i.e., that all the
We have not explicitly included the effect of any b""Ckgroundimpurities in the depletion region will be positively charged,

impurities in the GaAs in this expression, but since theyynq gh it is far from certain that this is the case in practice.
show the same dependence mnas the remote impurities The remainder of the impurities in the array have a 50%

(but with a different value forA), including them simply  propability of being either positive or negative. It is imme-

gives a reduction il\N independent ofi;. ~_ diately obvious from Fig. 4 that the potential due to the ran-
The startling result of this s!mple analysis is s_hown in Fig.dom array of both positive and negative char(gsted ling
3, where we plofAN as a function of the change m, Ang, has considerably larger fluctuations than the array of positive

for all 8-min illumination data. Despite the complex time charges in the depletion regidbroken ling, and that the
evolution ofng and u, all the data at a given temperature fit former fluctuations are reproduced almost exactly in the total
on a single straight line. Furthermore, the data at 0.3 and 1.gotential(solid line). This is true despite the fact that deple-
K fall on the same straight line. In the case of the 4.2-K dataion region charges are closer than the array of mixed
there is only one point because the changadns so fast, charges. It is also worth noting that increasing the size of the
but it falls on the same line as the 2.3-K data. The samelepletion region does not alter this general picture, it just
behavior is also observed for the case of 2-min illuminationjncreases the overall potential without, on average, changing
but with a larger gradient and more scatter in the data. Frornthe size of the fluctuations. Given that the fluctuations due to
these results we can draw two very important conclusionsthe array of positive charges, which are affected only by the
First, the scattering from remote impurities is entirely con-randomness in the impurity position, are considerably
sistent with an array of independent charged scattering cesmaller than the fluctuations due to mixed charges, which
ters. Second, the changerig reproducibly results in a pro- contains contributions from both position and charge, we
portionate increase in the density of these scattering centersonclude that the dominant scattering in modulation-doped
Given this, it is tempting to associate the independent scaiGaAs/ALGa _,As heterojunctions from remote impurities is
tering centers with individual ionized impurities; however, due to fluctuations in the charge and not the position of im-
doing so cannot explain the order of magnitudeuof purities.

In Fig. 1 we obtain an initial increase of 24% jinafter 8
min of illumination, with a very small change in the density, 1. DISCUSSION
implying a similar decrease in the number of scattering cen-
ters. Figure 3 shows we have removed about 1.5 In order to understand the implications of Fig. 4, we may
X 10' cm™2 remote scattering centers, which represents axamine a simplified version of the problem by using the fact
mere 3% of the Si doping density. The same problem occurthat the potential is a scalar quantity and considering the
if we calculateu, taking N to be equal to the number of Si potential at the center of a series of concentric rings of posi-
donors. We resolve this by suggesting that @inedependent tive charges spaced by the average donor impurity separa-
scattering is caused by fluctuations in the remote impuritytion, a. The number of charges per ring is given by1Za,
potential, and go on to show that the largest fluctuations aresherer is the radius of the ring, and the potential at the
caused by the presence of both positively and negativelgenter due to the charges in each ring is therefore the same.
charged impurities. Figure 4 shows the potential along a linéNote that the positions of the individual charges on the ring
due to a random array of charges. In proceeding with thisre not important, merely their distance from the center. We
calculation, we assumed all the parameters of the sample imow introduce some fluctuations by allowing the positive
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charges to vary in charge from the average vajuén this  showed an effectively instantaneous increasesidue to the
case the potential at the center due toritfering is given by  rapid tunnelling rate through the narrow 200-A spacer. The
first burst of illumination resulted in a large increasenin
with almost no increase ip, whereas subsequent illumina-
=27rrq E f 3) tion gave an increase in both, consistent with no change in
a r n’ the number of ionized impurity scatterers. This behavior can
be understood as an initial destruction of the correlation,

whereV' is the potential at the center due to the total fluc-'eading to an essentially random distribution by the first il-

tuation in the charge of thath ring. The total potential due lumination, followed by a changing, but equally random, dis-
to N rings is thus tribution afterwards. This is supported by simulations of ran-

dom photoionization oD X centers in an array of Si donors
of the type of Fig. 4.

Finally we should like to comment on calculations of
2DEG scattering by remote ionized impurities. To our
knowledge, the most complete model in the literature was

. L . rovided by Bukset al,®> who included the effects of corre-
However, since the scattering is from the fluctuations, w Y

subtract the average potential which is equal to the first term(;arflonS daDT(()ng tposmvely chargtgd ?ontorst a?hd neggtlv_ely
and only the second term in E@) contributes. We can use arge centers as a correction factor 1o the scattering
this to illustrate several important points. First, the scatterin ote_n'ual of the individual impurities. However, _th|s leads tp
potential from the fluctuations is given by the sum of their he mcprrect result that a total !ac!< of c:.orrelallt!on results in
individual potentials, i.e., they are independent scatteringC@ttering from the individual ionized impurities. For ex-
sources. Second, the scattering potential is dominated by tiéTPIe, in the case where the impurities are all of one type,
fluctuations in the closest rings because of their proximityhis gives the samemaximum scattering rate, as an uncor-
and because the number of charges increases as we go rgdated distribution of mixed charges, which we have shown
larger and larger rings, making it more likely that the fluc- iS not the case. In some sense our observations should sim-
tuations average out. Finally, we can understand why th@lify such calculations. We have shown that the fluctuations
largest fluctuations will arise due to variations in the chargemay be considered as independent scattering centers, and
and not the position of the impurities. that for a random distribution of charges the scattering po-
In light of the above discussion, we now return to ourtential is unchanged by further random changes in the charge
experimental results, also considering the effect of correladistribution. Furthermore, the results of Fig. 3 show that the
tions among the remote impurities. The general argument fosffects of correlations among the impurities can simply be
such correlations is that while theX centers are formed treated as a change in the number of independently scattering
during the cooldown process, the Coulomb interaction enpotential fluctuations.
courages a uniform, or correlated, distribution of negatively
chargedD X centers and positively charged ionized donors,
reducing the scattering potential. Initially, there may some
enhancement of the mobility due to correlation, but it will be
reduced or even completely removed by the illumination IV. CONCLUSIONS
which randomly selectB X centers to ionize. However, im-
mediately after illumination there are a large number of elec- We have studied the changesrafand u as the result of
trons in the AlGa, _,As which will distribute themselves the diffusion of electrons from the doped region of the
among the Si donors, particularly in regions where there is &l,Ga, _,As into the 2DEG of a modulation-doped
lack of DX centers. This results in a higher degree of corre-GaAs/ALGa, _,As heterojunction. Despite the complicated
lation than prior to illumination, and leads to a net enhancetime evolution of this process, we find that the change in
ment of the mobility. As these electrons slowly diffuse into density of independent scattering centers is simply propor-
the 2DEG via the contacts, this correlation will be destroyedtionaj to the Change ins_ We have identified these scatter-
which must, according to our experimental results, beng centers as fluctuations in the average potential due to the
equivalent to increasing the number of scattering centers prosrasence of oppositely charged impurities, and shown that

portionally with the change ins. The diffusion of the elec-  hay are simply related to the effects of charge correlation in
trons in the AJGa, _,As also results in a net increase in the e ALGa_,As.

potential, but this is irrelevant for the scattering. If the dis-

tribution of ionized impurities was equally random before

and after illumination, one might expeN to return to zero

when all the electrons have diffused into the 2DEG. The fact

that it o!oes not _c_ould be el_ther a res_ult of_t_he |Ilum|nat|o_n ACKNOWLEDGMENTS
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