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Quantum transport in é-doped quantum wells
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The multisubband electron-transport properties are studied for Gaf&#AlL,As quantum wells in which

a thin doping layer is located in the center. The subband transport mobility and quantum mobility are obtained
as a function of the width of the quantum well and doping concentration. The effects of the screening and the
intersubband interaction are investigated through the control of the number of the occupied subbands by
adjusting the width of the quantum well and are shown to be relevant in the multisubband transport of the
present system. The subband quantum mobility is enhanced significantly due to the occupation of the next
higher subband. We found that the dependence of the transport and the quantum mobility of each subband on
the well width and doping concentration exhibits nhonmonotonic behavior with the appearance of a local
maximum.[S0163-18287)02207-9

In recent years there has been increasing interest in thduction band is taken ag,=0.6x (1.155+0.3%?) eV.}!
study of the electron transport properties of the quasi-twoThe impurities are distributed uniformly in the doping layer
dimensional electron gas (Q2DEG in S-doped with areal concentratioN and thicknessV, =10 A.
semiconductor$:’ The 5-doped systems are in general char-  The electronic structure of the system is determined by
acterized by a rather high electron density, which makeemploying the self-consistent calculation within the local
them different from the other 2D systems. Typically, severaldensity approximatiofi.Figure 1 shows the subband energy
subbands are occupied iné&adoped system and effects re- E, as a function of width of the QWWg,, in the Si
sulting from the occupation of several subbands can be studi-doped GaAs/AJsGa,-As structure with Np=5x 10"
ied. In previous works, we studied the electron transporcm 2 and the background acceptor concentration was taken
properties in singleand doubl@ & layers. The screening of as 16* cm™3. It is seen that the width of the QW alters the
the electron gas on the ionized impurity scattering potentiahumber of populated subbands. For smaf,,, only the
was studied within the random-phase approximat®RA).  lowest subband is populated. With increasitg,y the dis-

We found that, the intersubband coupling of the electron gatance between the two levels decreases and more subbands
is essential in the screening effect to understand the multiare populated. The subbands-2 and 3 begin to be occu-
subband transport propertié8 Our calculation also showed pied atWgqw= 76 and 215 A, respectively. It is also interest-
that, by increasing the width of the doping layer, the mobilitying to notice that the Fermi energy of the highest occupied
of the lowest subband increases as illustrated by Mas$@linksubband increases with increasing the width of the quantum
for the case of a doped quantum wé&DW). However, the well, but those of the lower subbands decrease.

mobility of higher subbands exhibits a quite different behav- The electron transport mobility and the quantum mobility
ior. New information on the electron transport properties asare studied within the linear response thebt$.'°In the
sociated with thes-layer system can be obtained when it is calculation, only the scattering of the ionized donors in the
subjected to additional confinement as in a QW. Due to sucdoping layer is considered because it is the most important
an extra confinement, the intersubband interaction is greatly

enhanced.

In this paper, we report a study on the electron subband 100
mobility in 5§-doped QW systems. The effects of the width of
the QW and the doping concentration on the subband trans-

port and quantum mobilities are investigated. We will show 50 1
many-body effects in the Q2DEG electron gas, which _
screens the ionized-impurity potential in this multisubband > 0
system. The advantage of studying #heloped QW system g

is that, by varying the width of the QW, one can easily con- o 5ol
trol the number of populated subbands that make a direct o

contribution to the intersubband interaction. On the other

hand, since the overlap between the wave functions of the -100 o=l ]
electrons and the ionized impurities is related to the strength

of the impurity scattering, we also can study the influence of -150 :

the overlap on the electron subband mobilities. The present 100 200 300 400 500

work addresses the effects of the intersubband interaction on Waw )

the mobilities of the electrons in different subbands and the

influence of the extra confinement due to the QW. FIG. 1. The subband energy as a function of width of the QW

We consider a GaAs/AlGa; _,As QW structure with a for a Si 5-doped GaAs/AJGa,-As QW structure with a doping
thin doping layer located in its center. The offset of the con-ayer of Np=5x%10'%¥cm? andWp =10 A located in the center.
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suming that the second and the third subbands have the same
transport mobility. By comparing our results with the experi-
mental ones, it is seen that the calculated mobility is in quali-
tative agreement with the measurement results. Quantita-
tively, however, the calculated mobility for the lowest
subband is about two times larger than the experimental re-
sults. On the other hand, the calculation shows that the sec-
ond and the third subbands have quite different transport
mobilities atWqy =300 A. The data deduced from the mea-
surements are almost in the middle of the calculated mobili-
ties of the two subbands.

________ We note in Fig. 2b) that the subband quantum mobilities
y | g, which are determined from the quantum lifetime or the
4 single particle relaxation time, have distinct behavior as
compared with the corresponding transport ones through the
following observations(i) the quantum mobility is smaller

by a factor of 4-5 for thev=1 and 2 subbands, and about a
factor of 2 for then=3 subband(ii) at the onset of the

o occupation of a higher subband, quantum mobility of the
FIG. 2. The subbanda) transport mobility andb) quantum over subband shows a pronounced fast increase;(énd

mobility as a function of the width of the Sis-doped q— . q o
GaAs/Al Ga, As QW for Np=5x10"%cm?. The experimental 'ut3>’“t2 whenWeqy,>330 A but, for the transport qubmty’
results(Ref. 5 are indicated by the solid circles, squares, and tri-#3< 42 @s long as the=4 subband is unoccupieg.; and

angles corresponding to=1, 2, and 3, respectively. w1 exhibit similar behavior, andud has a maximum at
Wow=270 A. At the onset of the occupation of a higher

scattering mechanism at low temperature. The screening gtPPand, the quantum mobility of the lower subband shows a
the 2D electron gas on the impurity scattering is taken intd@pid increase, which can be attributed to the screening effect

account through the dielectric function within the RPA. As rélated to the intersubband coupling. Such an effect is pro-
discussed in Ref. 7 for thé-doped system, the empty sub- nounced for scatterings with long wavelengths, i.e., the
bands influence the electron mobility through the screeningmall-angle scattering. However, for the transport mobility,
effects. In the present calculation, we included all the occuthe scattering at small angles almost does not contribute to
pied subbands and two empty subbands above the Ferrffie process, but it is mainly determined by scattering at
energyEg in the dielectric response function. larger angles. By comparing the calculated quantum mobility
The subband transport mobilitigs, , which are obtained with the results from the Shubnikov—de Haas
by solving the Boltzmann equation, are depicted as a funcmeasurementSwe see that our calculation shows similar
tion of Wy in Fig. 2(@). It is seen that, with increasing results as compared to the experimental ones. The experi-
Wow. the transport mobility of the lowest subbapg in- ments indicate thatud is slightly larger thanu§ at
creases untilWqw=100 A (the onset of occupation of the Wow=300 A. Our calculation shows that] and » may be
second subband occurs\at,,= 76 A) and then it decreases very different depending on the width of the QW, but they
slowly. At the onset of occupation of the third subba;mﬂ, are close to each other arou\MbW: 330 A. Quantitatively,
has an abrupt decrease due to the onset of the intersubbagé quantum mobility from our calculation is smaller than the
scattering channel between the two subbands. The mobilitiesxperimental result.
of the second and third subbands have a similar behavior as an gverall description of the results, shown in Fig. 2, of
a function of Wq. They are strongly influenced by the oyr calculations indicates that, by increasing the well width,
confinement of the QW) increases fast with increasing hoth the transport and the quantum mobilities of the highest
Wow until it reaches a maximum arounWoy=300 A and  occupied subband are enhanced. We also observe that the
then decreaseshe onset of occupation of the third subband transport mobility increases faster than the quantum mobil-
is at Wow=215 A). We also observe in Fig. 2 thaty in- ity. This is a consequence of the fact that the increase of the
creases with the increase bk, for the well widths consid-  well width leads to an increase of the Fermi energy of the
ered. The experimental results of the subband transport mdrvghest occupied subband as shown in Fig. 1, or in other
bility of a Si 5-doped GaAs/A] ;Gay ¢AS QW, obtained by  words, the kinetic energy of the conduction electrons on the
Harris, Murray, and Foxonare indicated by the solid circles Fermi surface becomes larger. This results in a decrease of
and squares for the firshE& 1) and the secondh(=2) sub-  the scattering rate, especially, for large-angle scatterings. In
bands, respectively. The thickness of the doped-impurityaddition, by increasingVoyy, the overlap between the wave
layer in the sample was less than 15 A, and the measuremehinctions of the electron and the impurities decreases, lead-
was done at 4.2 K. The subband transport mobilities weréng to a reduction of the impurity scattering. On the contrary,
obtained from the so-called multiband Hall effect by fitting the Fermi energy of the lower subbands decreases with in-
the results within the one- or two-subband models. Forcreasing the well width. Moreover, the intersubband scatter-
Wow=300 A, three subbands are populated. The experimering is enhanced and the mobilities of the lower subbands
tal data were inferred from the two-subband model by asdecrease with increasing the well width.
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FIG. 3. The transport mobilities of the electrong@the lowest FIG. 4. The same as Fig. 3 but now for the subband quantum
subbandsr{=1), (b) the second subbana € 2), and(c) the third mobility.

subband §=3) as a function of the impurity concentration in the
Si 5-doped GaAs/A Ga, As QW's of different widths. The solid, Figure 3 shows the dependence of the subband transport
dashed, dotted, dash-dotted, and the thin-dashed curves indicate thwbility on the impurity concentration ib-doped QW'’s
results for the QW’s of width&Vq,= 100, 200, 300, 400 A, and with width Wgow= 100, 200, 300, and 400 A. For compari-
o, respectively. son, the transport mobility in a singlé layer, i.e.,
o ) ) i Wow=*, is depicted by thin curves. We observe thet

The quantitative discrepancies between the theoretical angcreases with increasing the doping concentration when
the experimental results could be attributed to several facc-)my the lowest subband is populated as can be seen for the
tors. It is well known that, in heavily doped semiconductorsQst with widths of 100 and 200 A. After the onset of the
such as present system, the strong overlap among the imprpuIation of the second subband N = 3.4x 10 cm 2
rities leads to a reduction of the band gap. Furthermore, thg, ine 100-A QW andNp=1.3x 1012 cm~2 for the 200-A
random distribution of the impurities results in disorder 'nQW, Mtl increases up to a maximum and then it becomes a

the system. Gold, Ghazali, and Séfrshowed that a band .decreasing function. The increase;oi just after the onset

tail induced by the disorder appears in the density of states '0f the occupation of the second subband is obviously due to
5-do_ped GaAs. We found that in Srdoped GaAs,. the cor- .the screening effect coming from the coupling of the two
r?]lat'%n bbetween the séc:ceenﬁd (éoulomb scattering poltem'%lubbands Notice that, because the wave functions of the two
should be pronounced for the doping concentration large ) . ’ " ; )
than (2-3)x 1012 cm 2.1 However, impurity correlations Subband have different parities, the intersubband scattering

; .~ .between them is very smalit vanishes when the thickness
and disorder effects on the electron transport properties 0t the doping layer is zejo Similarly, at the onset of the

heav_|ly doped systems are still not well understood. Othebopulation of the third subband, which occursNi= 5.7,
possible mechanisms, such as localized leve® ¥fcenters 2 =2 ) .

, 3.1, 22, and 1510 cm 2 for the QW's with
and the nonmetastable levétsabove the conduction-band - L \

. : Wow= 200, 300, 400 A, and infinity, respectively, the mo-
edge, could influence the electronic structure and lead to Sility 4\ increases quickly until it reaches a maximum at
Fe_rm| level pinning ind-doped semiconductors. Othgr scat Q‘ Z 70 .38 26 and 186102 cm-2. and then it de-
tering mechanisms at low temperature are the interface D "h N ' We found h' ith i :
roughness of the heterojunctions, ionized acceptors, neutrg(reasetS with increasing, . We found that, with increasing
impurities, and localized states induced by heavy dopinglND: #1 decreases slowly as long as two or more subbands
They can modify the electron transport properties. In oud’® populatted. At the onset of the occupation of the3
previous work, however, we showed that our calculations ofubband,.; shows an abrupt decrease. This discontinuous
the quantum mobility in single and doubi® layers are in decrease is a consequence of the intersubband scattering. We
quite good agreement with the experimental resWitS The ~ also see that such a jump becomes larger when the well
experimental results of quantum mobilities if-doped width decreases. It indicates that the intersubband scattering
QW's, taken from Ref. 5 and compared with our results,strength is enhanced in narrower QW, in which the overlap
were obtained from the half-width of the Fourier peaks of theof the wave fgnCtif’Q is larger. The abrupt decreasgxbhzt
Shubnikov—de Haas oscillations. However in Refs. 4 and 9Np=7.8X 10" cm “ for Woy=400 A andNp=5.0x 10"
the quantum mobility was measured by using a Fourier filcm ™~ for Wqy=0° is due to the onset of occupation of the
tering technique together with the so-called Dingle plot.n=4 subband. We also notice that this mobility drop is quite
Generally, the latter method yields smaller relative error inlarge. In Fig. 3c), we see thau} has a similar behavior as
the measured quantum mobilities. w5 shown in Fig. 8b).
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In Fig. 4, the subband quantum mobility is depicted as aion. One is that the electron density is increased and, con-
function of the doping concentration for several QW's. Thesequently, the subband Fermi energy and the kinetic energy
main differences of the quantum mobilinf from the trans-  of the conduction electrons are increased, which leads to an
port mobility are(i) uJ decreases with increasim, even if  enhancement of the mobility. The other is the scattering cen-
only the lowest subband is populatdd) a local maximum ters of the ionized donors increase, which leads to a decrease
of uJ appears before the onset of occupation of te3  on the mobility. Since the increase of the Fermi energy
subbandfiii ) at the onset of the occupation of a higher sub-mainly leads to a reduction of the large-angle scattering, with
band, the quantum mobility of the lower subband shows ancreasing the doping concentration, the transport mobility
rapid increase. These different characteristics of the subbandcreases faster than the corresponding quantum mobility.
quantum mobility originate from the nature of the quantumQur results show that the screening effects of the Q2DEG
mobility, which is dominated by the short-range scatteringand the intersubband scattering are of equal importance in
while the screening of the Q2DEG is more efficient on thethe multisubband transport properties. We found that the
long-range scattering events. The abrupt increase of the suansport and the quantum mobilities of each subband exhibit
band quantum mobility at the onset of occupation of a highef,onmonotonic behavior with a local maximum for the de-
subband reflects the screening effect on the scattering insangence on both the well width and doping concentration.
duged_ by a new populatgd subband, as dlsc_:uss_ed beforgse also want to mention that the barrier height of the QW
wh|ph is stronger than the intersubband scattering mtroducegoes not influence significantly the subband mobility. The
by itself in the present system. The appearance of the loc ackground acceptor concentration in the present system af-

maximum in the subband quantum mobility as well as that i e ; ;
the transport mobility is also a consequence of the balancr:]r%egz the subband mobility slightly as long&y is not too

between the scattering and the screening effects.

In conclusion, we found that, except for the behavior of G.Q.H. was supported by the Conselho Nacional de De-
the subband mobilities around the onset of the occupation aenvolvimento Cienfico e Tecnolgico (CNPg. The work
a subband, there are two important factors that influence theras partially sponsored by the Fundaade Amparo aPes-
electron transport when we increase the impurity concentraguisa do Estado de 8&Paulo(FAPESB, Brazil.
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