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Thermally activated intersubband and hopping transport
in center-doped p-type GaAs/Al,Ga; _,As quantum wells
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We present variable temperature resistivity and magnetotransport data for G&e/AlAs quantum
wells, which are Be doped in the central part of the wells at doping concentrations ranging from moderate
levels to well above the degenerate limit. We provide an investigation of possible transport mechanisms. For
nondegenerate structures, the activation of free carriers with a measured activation eggy29—36 meV
is close to the binding energy of the Be acceptor ig &g ;As/GaAs center-doped quantum wells. The
dopant concentration corresponding to the transition from being nondegenerate to the degenerate limit is
<6x10® cm™3. For degenerate conditions, the variable-range-hopping 2D transportowithp(T,/ T) /2,
Mott’s law, which is observed at lower temperatures, occurs due to the strong localization of holes in the
impurity potential fluctuations. For higher temperatures, the observed thermally activated transport is discussed
in terms of the excitation of holes from the symmetric ground state into the antisymmetric excited states. The
calculated intersubband energies according to a self-consistent solution of the coupled Poisson ainth8chro
equations are in good quantitative agreement with the experimental data.

[. INTRODUCTION degenerate limit. For p-type 2D structures, on the other
hand, the energy difference between subbands is approxi-
Transport measurements provide essential information fomately ten times lower, as compared with similatype
fundamental studies of localization effects. The transportjuantum structure®® Thus, for p-type structures, the ther-
properties of modulation-doped quantum structures havenal activation of holes into the higher empty subband can be
been thoroughly investigated, due to their high mobilities.realized, even for moderately doped structures slightly above
However, transport phenomena in center-doped gquanturthe degenerate limit under low electric fields. This process
wells (CDQW'’s) have not received much attention. The can affect the temperature behavior of the transport charac-
probable reason is that the introduction of a small concentrateristics ofp-type 2D systems.
tion of impurities into the region of the two-dimensional In this paper, we report on detailed temperature dependent
(2D) conductivity is known to degrade the mobility studies of the hole conductivity ip-type CDQW:'s. It is
dramatically* Information regarding physical phenomena shown that the low-temperature hole transport in degenerate
can be obtained whe#i-doping layers are located inside a structures is governed by the hopping conductance in the
guantum well(QW), because of the extra degree of control variable-range-hopping/RH) regime. For higher tempera-
provided by the heterojunction confinement. tures, the observed thermally activated conductivity is dis-
The transport mechanisms in such structures are of funsussed in terms of the carrier activation into the next unoc-
damental interest, since transport phenomena in CDQW's areupied subband.
expected to be strongly affected by the confinement effects.
A fur_ther adva}ntage of such a nonuniform dop_ing i_s Fhat, by Il EXPERIMENT
varying the width of the well or the dopant spike, it is pos-
sible to control the energy distribution of the carriers. Due to The investigated GaAs/Aba, _,As quantum structures
the different symmetry of the ground and exited states in thevere grown by molecular-beam epitaxy on semi-insulating
QW,? the energy distribution of majority carriers can affect (100) GaAs substrates, with a 0.35w buffer layer, includ-
the transport phenomena in a fundamental way, as it has beémy a smoothing superlattice. The growth temperature
observed experimentally fon-type GaAs:Si CDQW'$.  was nominally around 610 °C. Each structure contains 50
However, forn-type doping, the energy difference betweenperiods of (150 A/150 A Al, Ga, ;As/GaAs. The central
the ground and the first excited subbands is of the order 080-A region of each GaAs QW was uniformly doped with
100 meV for a typical well thickness of 100-200°AThese  beryllium at concentrations ranging fromx30'® to 1x10"°
values are much larger than the thermal ende@y-26 meV  cm 3. The measurements reported here were performed for a
at 300 K. Thus, intersubband transition phenomena can onlget of samples with five different doping levels of beryllium,
affect the transport properties under high electric fieldsas shown in the inset at Fig. 1.
which cause the heating of conducting electrofifie effect The transport studies were performed within the tempera-
is accordingly expected to be negligibly small for the low- ture range 20—300 K in a superconductor solenoid magnet
field equilibrium transport in 2D structures slightly above the“Oxford SM 2000.” Hall measurements were done under an
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100 ¢ 1. As can be seen in Fig. 1, the dopant concentration corre-
i Sample N,(cm®) E_(meV) sponding to the transition from the nondegenerate to the de-

generate limit is<6x10™ cm™3. Below this concentration, a

o 42 107 3451 temperature increase from 20 up 200 K results in an
00000440 2N . . . . . .

& 730 W0® 36k] activation of free carriers, with a measured activation energy

e A 640® _ of E,~—=29-36 meV(table in the inset of Fig.)1 This acti-
W0 _ vation energy is close to the binding energy of the Be accep-
tor in Al ;Ga, ;As/GaAs CDQW's’ For degenerate samples,
the carrier concentration is temperature independent in the
60-300 K temperature range.

The variable-temperature resistance data obtained for the
CDQW structures are presented in Fig. 2. The results are
quoted in terms of the total resistivity for each sample. It is
clear from Fig. 2a) that the temperature dependence of the
resistivity p, for the samples demonstrating nondegenerate
transport, can be described according to the exponential law
p=poexpleykT) within the temperature range 20-100 K.
The so derived values @f are~17-18 meVsee Fig. 2a)],

i.e., corresponding t&,./2. This is expected, since the car-
rier concentratiorp is proportional top~expE,/2kT) and
e T PR - the measured mobilities values are practically temperature
0 10 20 30 40 ~50 independent.

1000/T (K™) In this paper, we will focus our attention on two specific
experimental facts observed in the low-field transport mea-
. ) . surements of nondegenerate CDQWf$:The increase of the
e o e o s o " aclvaton energ . wih nreasing doping evly.

) o . X evident from Fig. 1.(ii) The abrupt reduction of mobility
table yields essential information for each sample, such as the dop-
ing level and activation energy, as determined from the fit. obse_rved for the low-doped structif@4, when the tempera-

’ ture increases from 22 to 35 K. The latter fact causes the

applied magnetic field of 0.5 T. All transport data presented€viation of thep(T) dependence from the exponential be-
in this paper were taken by a low-amplitude pulsed dc.havior observed for the lowest temperatuiEig. 2@)]. The
current (1—7 uA) technique. The magnetoresistari®ér) detailed investigation of these peculiarities is in progress and
was measured in the presence of a magnetic field up to 5 Wil be the subject of a later paper. _

with a direction normal to the plane of the CDQW's. Mea- The variable temperature resistance data, obtained for the

surements were made in the dark on lithographically defined€generate CDQW structurésandB, are presented in Fig.
Hall bars with six Au/Zn/Au Ohmic contacts. 2(b). As shown in Fig. &), the resistance of these samples is
practically constant within the temperature range 140—300 K

and indicates “degenerate conductivity.” Unexpectedly, the

resistivity strikingly increases at a further decrease of tem-
The variable-temperature Hall-effect data obtained for theperature and can be described by the following temperature

CDQW structures with different Be doping are shown in Fig.dependencep=p* exp(e/kT). This temperature dependence
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FIG. 3. The resistivity vl ~¥3 (Mott's law for VRH-2D trans- Magnetic field (T)
port) for (a) the nondegenerate arih) the degenerate samples,

respectively. FIG. 4. Normalized magnetoresistance for three different tem-

peraturesT =23, 95, and 144 K, for sampB® (N,=1x10'° cm™3).
observed in the degenerate structures indicates a thermal ac-
tivation of the mobility. As evident from Fig. (B), this  parameters of the 2D hole gé2DHG) is expected. Thus, we
activation occurs within the temperature regierbO<T  propose that the main mechanism of the observed low-
<160 K. The obtained values efon the activation energies temperature VRH transport is the strong localization of the
for samplesA and B are e=12+1 and 8-1 meV, respec- 2DHG at the impurity related potential fluctuations. The
tively. For even lower temperatures, the characteristic tempresence of such potential fluctuations has also been demon-
perature dependenge-exp(T,/T)Y3 i.e., Mott's law for a  strated forn-type GaAs/A}Ga_,As CDQW structures by
noninteracting 2D-carrier gas in the VRH regithés ob-  photoluminescence spectroscdpy.
served. The resistivity of low-doped structures, on the other Figure 4 demonstrates the MR data for sanmflat dif-
hand,cannotbe described by a similar temperature depenferent temperatures. As can be seen in Fig. 4, a weak nega-
dencep~exp(To/T)® within the entire temperature range, tive MR is observed only in the VRH regime, supporting the
as is obvious from Fig. @). This fact indicates the absence idea of transport under strong localization conditibhés
of hopping conductivity for nondegenerate structures. has been observed earlférthe negative MR in the VRH
The observation of such a temperature dependence of thhegime under degenerate conditions for the 2D electron gas
conductivity in the degenerate system is quite remarkable2DEG) corresponds to the influence of the random potential
First of all, the 2D-hopping conduction is usually observedfluctuations, due to impurities on the localization length. The
below the metal-insulator transition after the formation of theMR data for sampleéA are similar to what is observed for
impurity band. At low temperatures, only the presence ofsampleB.
residual donors for thp-type material can create vacant po- Let us now return to Fig. ®) and consider the thermal
sitions in the impurity band, because some small compensactivation of the mobility in more detail. As mentioned be-
tion has already taken place and gives rise to 2D-hoppindpre, the determined activation energy is approximateh0
conductivity in the QW plane. In the degenerate limit, themeV, which is much higher than the typical energies 1-3
hole subbands are partly filled and the low-temperature conmeV usually observed for nearest-neighbor hoppiNdIH)
ductivity is usually metal liké The experimental observa- under impurity band conductivity conditiofisin order to
tion of hopping transport provides evidence for a strong carelarify the activation mechanism involved in the investigated
rier localization. To estimate the localization lengtlof the  p-type CDQW'’s and taking into account that the measured
hole wave function, we have used the known Mott's equaactivation energy is very close to the energy separation be-
tion, kT=3.5/[g(e) £2], whereg(e) is the density of states tween the hole subband§,we will consider the change of
at the Fermi level. The estimated values are as followsthe subband structure of the GaAs QW, which the central
T,=26 000,£=93 A for sampleA andT,=9800,¢=117 A doping gives rise to.
for sample B. The density of statgéeg) was assumed to be In order to quantitatively estimate the energy-level trans-
energy independeftThese estimated localization lengths formation with doping, we calculated the valence-band struc-
are comparable with the interhole spacid®0 and~150 A ture based on a self-consistent solution of the coupled Pois-
for samplesA andB, respectively and indicate strong local- son and Schidinger equations. The dopant atoms were
ization conditions. assumed to be homogeneously distributed over the central 30
It should be noted that the observed temperature range fdk of the 150-A-wide QW. Some important results of the
VRH conductivity is not typical. High-temperature hopping numerical calculations for the subbands in @type
has only been reported for low-dopqutype bulk GaAs GaAs/ALGa_,As CDQW are shown in Fig. 5. The mea-
grown at a low temperatur@which is attributed to strong sured values for the thermal activation energy for the con-
fluctuations of the potential. Considering that the localizationductivity is in a good quantitative agreement with the calcu-
of the wave function of the symmetrical ground states forlated separation between the Fermi lewgl, and the first
heavy holeghh) and light holed(lh) coincides with the geo- excited antisymmetric hh subbarg—E,,=11.5 meV for
metrical localization of the dopant spike, a strong influencesampleA and 7.1 meV for samplB, respectively. We inter-
of the impurity related potential fluctuations on the transportpret the origin of the observed thermal activation of the con-
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ductivity in terms of the model proposed by Masselfnkc-  (so-called Coulomb gap>*® However, the ES law is valid
cordingly, we suggest that the transport occurs due to thenly at theinitial region of the VRH regime with thesmooth
thermal excitation of holes from the ground state, which istransition to Mott's law under increasing temperatufe'®in
symmetric and has a maximum overlap with the ionized acour experimentgsee Fig. 6 the dependence with (1/T)*2
ceptor spike, into an antisymmetric excited state, which has glope is observedfter Mott's slope~(1/T)*® and, probably,

minimum overlap with the impurities. Contrary to thetype  cannot be explained by the peculiarities of localized trans-
CDQWss structures, for which this transition is observed atyort, The p~—In(T), which is typical for the weak

high electric field conditions with hot electrons, this phenom-jcalization®-2%is more realistic in our case. This tempera-

enon dominates under low-field thermal equilibrium condi-yre dependence for the resistivity has earlier been observed
tions, in our case, due to the small intersubband energy fog, op transporf:—24 However, a proper analysis of the ex-
the 2DHG (approximately ten times smaller than in the cor- perimental data is unreliable, due to the small changgs of

respondingn-type CDQW'S. S _ within the limited temperature range 45—60 K.
A possible alternative mechanism is the high-temperature

NNH conductivity, due to the potential fluctuatiotfsHow-

ever, we believe that this is not the major effect in our case.

First of all, the MR data in the thermal activation conductiv-

ity range(Fig. 4) are typical for the classical low-field mag- ~ We have both experimentally and theoretically studied the

netotransport and do not support the localization mechanisngquilibrium transport related to holes in GaAs/@h _,As

where the hopping transport dominatdsSecond, the quantum wells, which are Be doped in the central part of the

variable-temperature Hall-effect data in this conductivitywells at doping concentrations ranging from moderate levels

range show a linear dependence of the Hall voltage witho levels well above the degenerate limit. In the low-

electric and magnetic fields. This is typical for the classical

low-field free-carrier transport. On the contrary, in the VRH

regime, we observe for both samples a nonlinear magnetic- 100

field dependence of the Hall voltage Bt=0-1 T, which is

typical for hopping transpof**> Thus the Hall measurements — ~ aelivated infersuobond -, ¢
s . fransport with T™ slope

for degenerated samples are correct only within the high- L g A

temperature rangé-ig. 1), where the nonlocalized transport

is predominant.

In a limited temperature range, 40—65 K for sample
and 35-50 K for sampl®, corresponding to the transition
from the strongly localize@vRH regime to delocalizedac-
tivation) transport, the analysis is more difficult. As is obvi- / e
ous from Fig. 6, a fit for this narrow temperature range can 0.1 w l w
be performed according to the~exp(T*/T)¥? and p~ ' 0.05 0.1 0.15 0.2 025

. . . -1/2 -1/2
—In(T) dependencies. Both approximations are well known T K)
and are valid for the transport under localized conditions.
The dependencep~exp(T) *2 is known as the Efros-  FIG. 6. The resistivity vs th@ Y2 for sampleA (p=6x10'8
Shklovskii (ES) law and is usually observed in the VRH cm™3). The logarithmic fit for the resistivity data in the inset corre-
regime with Coulomb interaction between the hopping sitesponds to the data inside the circle in the main figure.

IV. CONCLUSIONS
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temperature range under degenerate conditions, the observgdod quantitative agreement with those deduced from the
VRH-2D transport is explained in terms of strong 2DHG experimental data.

localization, due to potential fluctuations in the QW caused
by the central doping. The experimentally observed negative
MR and the estimated values of the localization lengths are
in agreement with the proposed model. The thermal equilib- We would like to thank C. Hallin for technical assistance
rium phonon-assisted activation transport observed for dein the sample preparations. Two of us, A.C.F. and A.V.B.,
generate structures is discussed in terms of hole transitiorgratefully acknowledge financial support from RHAE/CNPq
from the symmetric ground state into the antisymmetric ex<{Brazil) and from the Royal Academy of Sciena&wveden,
cited states. The calculated intersubband energies are inraspectively.
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