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Effect of finite quantum-well width on the compressibility of a two-dimensional electron gas
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Double quantum-well structures have been used to measure the inverse compressibfljtyf a two-
dimensional electron gas as a function of the confining quantum-well width. The lower layer is contacted
independently and carrier density changes within this layer are used to m&asuéthe upper layer. As the
well width increases we observe a decreaseih which may be attributed to the effect of the Hartree term.
The inclusion of Hartree effects produces the correct trene dfwith well width, although discrepancies still
exist between the model and experimd®0163-182€07)08411-7

I. INTRODUCTION rises due to the changing position of the wave function.
Since the bottom 2DEG, which is the detector in our system,
The lateral transport properties of two, closely separateds sensitive to changes in the conduction-band edge at the
two-dimensional electron gasé2DEGS have been used to lower interface, this experiment measures a negative Hartree
study a number of different interaction phenomémaln  contribution.
particular, one 2DEG may be used as a detector to probe the We have used a range of samples with different well
compressibility of the adjacent 2DEG.This may be Widths, enabling the effects of a finite width 2DEG upon the
achieved either by a capacitive techniduer, accurately de- compressibility to be determined. We may quantify the terms
termining the carrier density changes within the detectofontributing tox* by considering the densit)=N, at
2DEGS~" The inverse compressibility* may be expressed Which the conditiondy/6N+ S,/ N+ Spuke/ N=0 is
ask 1=N25u/SN whereN is the carrier density angt is ~ Satisfied andc~ ! changes sign. Our results show that as the

the chemical potential. As has been shown in previougvell width increases from 95 to 200 A, increases. Self-
publications! we can separate the chemical potential intoconsistent solutions of the one-dimensional Poisson and
three components due to many-body interactiaps kinetic ~ Schralinger equations using the local-density approximation
energyuye, and Hartree effectg,,. The size ofsu/ SN is (LDA) to include many—b_ody interactions show the same re-
therefore determined by the relative changes of the interaciPonse for these well widths as the experimental data. The
tion, Hartree, and kinetic components, and under certain corwell-width dependence of the experimentd} is clearly
ditions the inverse compressibility may be negafivehe shown to be dpmmated_ by the Hartree component. Thgre are,
first of these terms, the many-body interaction term, is negalowever, noticeable differences between the experimental
tive and strongly dependent upon both the carrier density andata and the self-consistent calc_ulatl_ons that may be attribut-
quantum-well(QW) width whilst the kinetic term is positive able to the use of the LDA function in narrow wells.

and given byue=NmA2%/m,, wherem, is the effective

electron mass. The third, Hartree component, is dep_e-ndent Il EXPERIMENTAL METHODS
upon the experimental structure and has been studied for
both singlé and doublé quantum-well structures. In particu- Measurements were performed on GaAg/AMGay 7AS

lar, it is important to note that the Hartree contribution to thedouble quantum-well heterostructures grown by molecular-
measuredk ! is negative. The reasoning behind the sign ofbeam epitaxy. A range of devices was studied which had
the Hartree component is discussed in Ref. 4 and may bguantum-well widths, barriers widths, and barrier composi-
summarized in the following manner. As the top 2DEG’stions as given in Table I. Hall bars were defined using optical
density is increased, the electron wave function moves tolithography and wet etching, with AuGeNi Ohmic contacts
wards the surface. The conduction-band edge at the uppénat penetrated both conducting layers. Surface Schottky
interface of the top quantum well is therefore reduced ingates were made from NiCr/Au and consisted of a full-front
energy and the Hartree contribution at this point is positivegate and depleting gates over each mesa arm. The depleting
However, the conduction-band edge of the lower interfaceyates were used to deplete locally the top 2DEG, enabling
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TABLE I. Growth parameters of the samples, including their mobilities and carrier densities.

Barrier Barrier Wells(A) Niop Npottom Hiop bottom
Sample material A top bottom (1 m—?) (m2v-1ts™Y

A Al 0 5Ga0 sAS 300 95 200 146  0.66 12 25
B Al 05 G0 sAS 300 100 100 2.79 2.40 20 20
C AlAs 200 150 150 2.31 2.62 21 33
D AlAs 75 150 150 2.32 2.52 32 40
E Al 2458 6 AS 600 200 200 130 1.4 223 118
F Al 2458 5AS 200 200 200 345 227 35 22

independent contacts to the bottom layer to be achieved. Farction su,/SN; term is smaller than the positive kinetic
all measurements, the top and bottom layers were earthadrm, leading to a positive compressibility and the lower
together at the drain end of the Hall bar. Low-field Hall data2DEG losing carriers as the upper layer is depleted. For low-
were then used to determine the carrier density of the bottoroarrier densities, the negative interaction term dominates and
2DEG as a function of the full-gate bias. The magnetic fieldthe inverse compressibility is negative. In this case, the lower
in this measurement was sufficiently lo@.2 T) that no 2DEG gains carrier as the upper is depleted. This process
guantization effects were seen. Longitudinal resistance meaontinues until the upper 2DEG mobility is sufficiently
surements of both 2DEG'’s in parallel were also made as amall, at lowN;, that it stops screening the lower 2DEG. At
function of gate bias at fixed magnetic fields. Analysis of thethis point, determined by the degree of disorder in the upper
resistance oscillations was then used to calculate the relatio2DEG, the lower layer is depleted directly by the front gate
ship between upper 2DEG density and gate voltage. FourandN, decreases rapidly.

terminal measurements were performed at a temperature of In order to compare the different devices, we determine
1.5 K. the carrier density, of the top layer at whick ! becomes

2.62 LI T T T T T

lll. RESULTS

Figure 1 shows the experimental and modeled carrier-
density variations in the lower 2DEG as a function of the 2.6 [
upper 2DEG density for sampl& C, andF. The theoreti- E
cal results will be discussed in the following section. By E
considering the system as a parallel plate capacitor, we can 258 "
relate these carrier-density changes within the lower 2DEG,
6Ny, to the chemical potential changei. of the upper

Experimental

“““““““ Theoretical

2DEG. The carrier-density chang®¥,, and inverse com- - 2.56 ;
pressibility « ~* of the upper 2DEG are given by "g
. §
- R 2.54
MNo= g dye? O* z
€ S S S y
_ , HKE MH+ Hx SN, (1) 252
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where d is the distance between the electron gases,
dy=(e/e?) S,/ 5N, the screening length of the bottom
2DEG, N; and Ny, refer to the top and bottom 2DEG densi-
ties, ande is the effective dielectric constant. For the experi-
mental devices considered, the screening length of the bot-

tom ZDEG(Ref. 9 dy is considerably smaller tha!n.the layer results illustrating the carrier-density changes in the bottom 2DEG
separationd, hence the bottom 2DEG has negligible affect o5 the top 2DEG is depleted. Results from three of the samples
on the measurements. In ordgr to describe the observed defyygied are shown, which have QW widths(af 200 A for sample
sity dependence we initially ignore the Hartree tétrand ¢ (b) 150 A for sampleC, and(c) 100 A for sampleB. For clarity,
consider the kinetic and interaction terms. The density deeach set of data is offset vertically. Arrows indicate the experimen-

pendence of the interaction term is approximatetpat of  tal densitiesN, at which the compressibility of the top 2DEG
N{O'S. Therefore, at high 2DEG carrier densities, the inter-changes sign.

2.48
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FIG. 1. Experimental(solid) and theoretical 3D LDA(dashed
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7 . . : : . . considered. However, looking at the carrier density changes,
O Experimental Data U there still remains a discrepancy between the experimental
6.55 Selfconsistent model with, . 3 ar_1d theoretical data whic_:h increases for the narrower well
w NoHartreo (After Reference 14) - widths. To account for differences between theory and ex-
6 J/ 7 periment, it must be noted that the theoretical model uses the
55F ] LDA which requires slow spatial variations in the density.
; / ] This condition is clearly violated in the QW'’s and could
5f ] account for the increasing mismatch between model and ex-
; PP — , ] periment with narrow wells.
457 ; ' ] Calculations for the compressibility of a 2DEG have been
ca 4f m ‘ ’ ] made using many different theories for the ele_ctron correla-
[ / Do ] tions as shown in Ref. 13 and references therein. These theo-
35L b . ] ries indicate that the inverse compressibility of a 2DEG of
D o zero thickness changes sigr (*=0) atr¥=2. For a 3D
5t m E DY 1 electron gas, the corresponding RPA parametet i3 6. It
25 ‘ .," ] would, therefore, be anticipated that for quasi-two-
, / 3 W dimensional electron gases, the criticil parameters would
2} DD\;& - lie between the 2D and 3D limits, as shown in Ref. 14. The
15 . ¥ =0 value ofr} will therefore increase with well thickness, con-
e Eii,‘ R ) 1 tradicting the experimental dataee Fig. 2 In order to di-
b ! Lt rectly compare theory with experiment, the critical 2D RPA

R A parameter was also determined from the model, using the

carrier densityN. at which 6N, /6N, becomes zero. The
qualitative behavior is similar to the experimental data, i.e.,
FIG. 2. The experimental and theoretical values of the 2D RPAincreasing the well width increasé§. (decreasingy), see
parameter? are plotted as a function of the well-width parameter inset to Fig. 2. Thq;;c parameters using the 3D LDA are also
L/ag, whereay is the Bohr radiug100 A in GaA$ for (a) exclud-  shown in Fig. 2 for a larger range of QW widths than used
ing Hartree effects, after Ref. 14olid squares (b) self-consistent experimentally. For small well Widthsg tend towards that
model incorporating the 3D LDAsolid circles and, (c) the experi- ot 5 7erg.thickness 2D electron gas, whilst for the largest
mental Po'mS(Open Squares-r.he inset shows an expanded view. well widthsr? approaches the theoretical 3D value. There is,
Dotted lines are drawn as guides for the eye only. s . . .
however, an initial decrease irf as the well width is in-
creased. This variation in the critical RPA parameter may be
attributed to the changing Hartree effects within the system
as may be confirmed by comparing determined with and

zero. This corresponds to wheiN, /SN, changes sigrisee X
without Hartree effects.

Fig. 1). The densities were then converted to the two-
dimensional(2D) random-phase approximatidiiRPA) pa-
rameter* given byr*2=1/(wN.a3), wherea, is the effec-
tive Bohr radius €100 A in GaAs. Theser? values are
plotted in Fig. 2 as a function of the paramelgn,, where

L is the width of the upper quantum well.

V. CONCLUSION

In summary, we have measured the inverse compressibil-
ity of a 2DEG as a function of the confining quantum-well
width. To explain the observed trend with well width, we
have used self-consistent calculations to determine the affect
) . ) of the Hartree contributions which is specific to our structure

We sqlved the 1D P0|sso'n and Sctlirger equatlons. and experimental technique. The results confirm the impor-
self-consistently for the experimental structures, thereby inggnce of the Hartree term and enable us to predict the varia-
cluding the Hartree effects. The densities of the upper angon of the experimental inverse compressibility with QW
lower 2DE_?'S were then calculated as a function of front-yiqih  The observation of quantitative differences between
gate bias! As in Ref. 4, the approximation used for the the experiment and model indicates that the theory is not
many-body !ntgrac.tlons was the 3D LDA proposed by Hedingomplete, and that it would be of interest to compare the
and Lunqu|sll. This 3D LDA function is evaluated at each gyperimental results with different interaction approxima-
point within the structure, so incorporating the calculated;jg
charge distribution. The model was found to be sensitive to
changes in the dielectric constant, which was taken to be
11.9%, and to be uniform throughout the heterostructure.
Typically, a 1% change ire results in a 4% change in
r¥2. The results of the model are shown together with the This work was supported by EPSRC. One of the authors
experimental data in Fig. 1 for the three QW widths of 100,(D.A.R.) acknowledges the support of Toshiba Cambridge
150, and 200 A. As may be seen, there is a qualitative fiResearch Centre. The authors also acknowledge the support
between the model and experiment for all of the well widthsof G. A. C. Jones.
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