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DENSITY OF STATES OF GaAs-AIGaAs-HETEROSTRUCTURES DEDUCED FROM TEMPERATURE DEPENDENT 
MAGNETOCAPACITANCE MEASUREMENTS 
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We have analyzed the density of states of a two dlmens~onal electron 
gas in a GaAs-AIGaAs hetereostructure by measuMng the magnetocapacl- 
tance in magnetic f~elds up to 6 Tesla at temperatures below 10 K. 
The experlmental data are well described by a Gausslan-11ke density 
of states where the llnew~dth r ~s proportional to CB. 

Introduction 

The energy spectrum of a two-dlmenslonal 
electron gas in a strong magnetic f ie ld  consists 
in the ideal case of discrete Landau levels with 
a degeneracy correspondlng to the number of f lux 
quanta within the area of the sample. Scatterlng 
processes lead to a broadening of the energy 
levels.  Several attempts t2-4,6,8] have been 
made to determlne the real shape of the denslty 
of states (DOS). 

The analysls of the quantlzed Hall resis- 
tance of s111con MOSFETs indicates that the 
density of states at midpoint between two Landau 
levels is nearly independent of magnetic f ie ld  
L I ] .  Gornik et a l .  L2] measured the speclf lc 
heat of a GaAs-AIGaAs mult l layer and found that 
the data are best described by a Gausslan-llke 
density of states superlmposed on a constant 
background. Temperature dependent measurements 
of the r e s i s t l v l t y  in the regime of the Hall 
plateaus [3] confirmed the exlstence of a f l a t ,  
mobi l i ty dependent background between Landau 
levels, but thls method is restr ic ted to measur- 
ements in the t a i l s  of the Landau levels.  E1sen- 
stein et a l .  [4] f l t t e d  the l r  magnetization data 
wlth a Gaussian DOS. They found a magnetic-fleld 
dependent Landau level w~dth varying roughly as 
CB but with a magnitude about four t~mes larger 
than predicted by the theory based on short- 
range potential scattering [SJ. 

Capacitance measurements seem to be a 
stralghtforward method to obtaln Informatlon 
about the DOS [6 ] .  Varying the magnetic f i e ld ,  
changes in the DOS are ref lected by osc~llatlons 
of the magnetocapacitance. Recently Smith et al .  
L6J t r ied to deduce the DOS from capacitance 
measurements. They analyzed mainly the m~n~ma of 
the osc i l la t ions at 1.3 K, but th~s method 
fai led at magnetic f~elds larger than 1.6 Tesla. 
Moreover, they found a remarkable discrepancy 
between the theoret ical  and experimental values 
of the maxima In the DOS. 

Measurements at hlgher temperatures and 
careful ~nterpretat~on of the data not only at 
the capacitance mlnlma but also at the maxima, 
allow an extension of the analysis to h~gher 
magnetic f i e lds .  

Theoretical background 

The capacltance of a system conslstlng of 
a metal- lnsulator (w~th ~on~zed ~mpurt~es)-sem~- 
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conductor sandwich (e.g. Au-AIGaAs-GaAs-hetero- 
structure) depends not only on the thlckness of 
the Insulator but also on the DOS at the semi- 
conductor side and on parameters of the mate- 
r i a l .  The calculat ion of the capacitance is 
based on a solutlon of the Polsson equation 
whlch ylelds (Fig. 1) [7] 

eL A 
VG = K + -~ + %-~ n s ( I )  

L A is the thickness of the AIGaAs layer, E l is 
the d le lec t r l c  constant of the insulator,  and K 
takes into account fixed charges In the AIGaAs 
layer and barr ier  heights at both interfaces. At 
low temperatures, carr iers In both materials are 
frozen out, so that K is a constant. V n Is the 
gate voltage, n~ denotes the carr ier  d~nslty in 
the channel and-e is the elementary charge. Eq. 
( I )  can be rewrlt ten as 

eV G = ~ ns+Eo+(EF-Eo ) +eK (2) 

D i f fe rent ia t ing  Eq. (2) with respect to n_ wlth- 
In the varlat lonal approxlmatlons of Ster~ [8 ] ,  
which take into account the n s dependence of the 
subband edge E o, one obtains for  the capacl- 
tance 

e 2 ~ _ ~  (3) 

where C is the measured d l f f e ren t i a l  capacltance 
at a glven magnetlc f l e ld ,  C A ls the capacltance 
of the insulatlng AIGaAs layer, Cs is the 
d le lec t r l c  constant of GaAs, z Is the average 
posltlon of the electrons in tee channel, y is a 
constant numerical factor between 0.5 and 0.7, 
and dns/d(EF-En) ls the thermodynamic DOS at the 
Fermi Ievel~ I~ the followlng denoted as dns/d~. 
The f l r s t  two terms on the r ight hand side of 
Eq. (3) are assumed to be constant ]n a magnetic 
f l e ld ,  and thus changes ]n the capacltance are 
d i rec t l y  related to changes ]n the thermodynamic 
DOS of the 2DEG. At T=O the tota l  inverse 
capacltance ]n a magnetlc f le ld  can be expressed 
as 

I _ 1 I + 1__ (4) 
- l~o - e2Do e2D 

where C n denotes the value of the tota l  capacl- 
tance aE B=O, DlS the DOS at the Ferml level in 
the presence of a magnetic f le ld  and DolS the 
DOS withln the lowest subband, equal to 
2.9x10 I° cm-ZmeV -z in the absence of a magnetlc 
f l e ]d .  At f l n i t e  temperatures D has to be re- 
placed by dns/dU. 
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Schematic d~agram of the conduction 
band edge (a) for a gated modulation 
doped GaAs-AIGaAs heterostructure 
showing the quantlt~es used ~n the 
derivations and schematic experlmenta] 
set-up (b) 
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Experimental results 

The sample used ~n th~s study was a gated 
(gate area 0.8 mm 2, evaporated gold) GaAs-AIGaAs 
heterostructure wlth a Hall geometry. For 
capacitance measurements al l  the Hall contacts 
were shor t -c i rcu i ted and acted as a channel 
contact. The car r ie r  density at VG=O, as g~ven 
by the perlod~c~ty of the capacltance OScllla- 
tlons was ns= 2.25x1DlZcm -2 ~n agreement w~th 
Shubnlkov-de Haas and low f~eld Hall data and 
the mobi l i ty was 190,000 cm2/Vs. 

The s~gnal was obtained by measuring the 
voltage drops at the sample and a h~gh precision 
Boonton capacitance decade. Thls arrangement 
allows both a precise determination of the phase 
and the absolute value of the signal (see 
Fig. 1). The frequency chosen for the 
measurements was 223 Hz. Measurements between 
22.3 Hz and 446 Hz showed no change In the 
signal, The modulation amplitude was 5 mV, which 
corresponds to a modulation of An~-4x1Ogcm -2. 
Further reduction of this amplitude showed no 
change ~n the s~gnal. At each temperature the 
real part of the signal was monitored, and we 
checked that the signal was always purely capa- 
clt~ve for C>C(B=O), even in the case of very 
low temperatures (T = 1.64 K) and h~gh magnetlc 
f l e lds .  Warming up and cooling down of the samp- 
le ~ntroduced no change ~n the s~gnal. The tem- 
perature was stabIl~zed ~n the presence of a 
magnetic f ie ld  by a capacitance temperature 
cont ro l ler  and measured at B=O wlth a cal ibrated 
carbon-glass res is tor .  Temperatures below 4 2 K 
were achieved by reducing the vapour pressure of 
the surrounding llqu~d-hellum-bath 

The experimental results were compared 
w~th calculat ions of C(B) assuming a Gauss~an 
plus a constant background DOS DUG 

where the constant A is determined by the number 
of electrons ~n one Landau level,  £ Is the 

Droadenlng parameter of the Gausslan d ls t r lbu-  
t~on, and ~ the cyclotron frequency. For a 
g~ven electron density n~ (assumed to be con- 
stant in the invest~gate~ temperature and 
magnetic f~eld range), magnetic f~eld B, 
temperature T, and DOS D(E) the pos]t~on of the 
Ferm~ level ~ is determined by solving 
numerically the equation 

n s = 7 D(E) f(E-~)dE (6) 
0 

Then 

dns 7 D ( E ) ~ d E  (7) 
= o 

is calculated numerlcally, too. All energles are 
taken re la t lve  to the subband edge E a. With the 
temperature dependent form of Eq. (4} and Eq. 
(7) one obtalns C(B). Spln sp l l t t l ng ,  which Is 
small compared to the cyclotron energy for GaAs, 
is neglected In the calculat lon.  

Some further conslderatlons are necessary 
to f l t  the data uslng the expresslons above. The 
m~nlma and maxlma of the measured capacitance 
are connected to mlnlma and maxlma in the DOS In 
the two-dlmenslonal electron gas A mlnlmum is 
obtalned when the Ferml level ]s between two 
Landau levels. Addlt~onal calculat lons, assumlng 
a Gausslan d ls t r lbu t lon  of the electron density 
n , show that inhomogenelt$es strongly Influence 
t~e mlnlma but not the maxima of the capacltance 
at su f f l c len t  hlgh magnetic f le Ids (> 1 Tesla). 
Furthermore at low temperatures the capacltance 
slgnal is no longer purely capaclt lve, I f  the 
Fermi level posltlon is between two Landau 
levels (axx =0). For th~s reason, I t  Is advls- 
able to concentrate on the maxima of the meas- 
ured capacitance to f ] t  the data. 

Fig. 2 shows the capacltance data at d l f -  
ferent temperatures. Also shown is the f l t  to 
these data assumlng a llnewldth F=O.3VB[T][meV] 
and a background of 3 6x109cm-2meV - I .  The value 
of the constant background is obtalned from 
temperature dependent r e s l s t l v l t y  measurements 
in the reglme of the Hall plateaus carrled out 
on the same materlal [9 ] .  At al l  investlgated 
temperatures the calculated maxlma of the ma- 
gnetocapacltance are in excellent agreement wlth 
the experlmental ones up to 5 Tesla. A f l t  of 
the experimental data wlth a magnetic f le ld  
Independent 11newldth or a llnewldth whlch d l f -  
fers from the assumed value by more than 10 % 
was not possible. I t  should be mentloned that 
the assumptlon of a vanlshlng background Du~ 
broadens r only by about 10 % The depths 6f the 
measured mln~ma at low temperatures are smaller 
than the calculated ones as long as r e s l s t l v l t y  
effects in the channel are negIiglble (low B- 
f i e l d ) .  Thls is at t r lbuted to inhomogeneltles, 
Thelr Influence decreases wlth Increaslng tem- 
perature. At higher magnetlc f le lds the capacl- 
tance slgnal at the mlnlma ~s governed by the 
small conductlvlty axx whlch becomes less Im- 
portant at higher temperatures Therefore the 
f l t  works well for mlnlma and maxima of magneto- 
capacltance at hlgher temperatures. The d~ffer- 
ence between experiment and caIculat$on ] f  only 
one Landau level ~s f~l led cannot be explained 
yet.  

Actually not the carr ier  density n, but 
the electrochemical potentlal Is kept constant 
during experiments. As the var]at lon of n s only 
Influences the width of the maxima and m~n~ma 
and not the absolute value of the magnetocapac~- 
tance m~nlma and maxlma, the assumptlon of a 
constant car r ier  density seems applicable to f l t  
the data. Thls w111 be discussed ~n more detai l  
in a further publ~cat~on. 
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Fig. 2 Measured magnetocapacltance and 
correspondlng f l t  assumlng a Gausslan 
DOS wlth a broadenlng parameter F= 
0.3VB[T] [meV]  super imposed on a 
c o n s t a n t  background DOS Du~ = 
3.6xl09cm-2meV -1 .  For theV~ake o f  
c l a r i t y  the curves  are s h i f t e d  
v e r t i c a l l y  

Summary 

By measurlng the magnetocapacltance In the 
temperature range from 1.64 K to 9.3 K In magne- 
t l c  f i e l ds  up to 6.2 Tesla we have shown that 
maxima in the DOS are d l r ec t l y  related to maxlma 
in the capacitance. The good agreement between 
theory and experlment not only at one temper- 
ature but also In the whole temperature range 
conflrms strongly our model. As the method is 
sens i t lve  to maxlma In the DOS, magnetocapacl- 
tance measurements and temperature measurements 
of the r e s l s t l v i t y  in the reglme of the Hall 
plateaus - a method whlch is used for  the deter-  
mination of the DOS In the t a l l s  of the Landau 
levels - are complementary methods. 

Assumlng a Gausslan DOS wlth a l inewidth 
T= O.3VB[T][meV] and a superimposed constant 
background of 3.6xlO9cm-2meV -I  we are able to 
f i t  the magnetocapacltance data in the whole 
temperature range 1.64 K<T<9.3 K for  a sample 
showing a mob111ty of lg0,000 cm2/Vs. The resul t  
Is summarlzed in Fig. 3, where the experlmental- 
ly deduced DOS is compared wlth the se l f - cons ls -  
tent Born approxlmatlon (SCBA), assumlng short-  
range scat terers [5 ] .  
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Fig. 3 Comparlson of the experlmental ly 
deduced DOS with the theoret lca l  curve 
based on the se l f  conslstent Born 
approxlmatlon (SCBA), assumlng 
short-range scatterers 
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