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Peculiar Nonlinear Depletion in Double-Layered Gated
Si-0-Doped GaAs
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Abstract: T he low temperature measurement of Hall effect of the two-dimensional electron system in a doubleday—
ered gated Si-0-doped GaAs is presented. A complex peculiar nonlinear dependence of the depletion on gate voltage
is observed. The nonlinearity is also explained on the basis of the assumption that the double-capacity model con-

sists of two d-doped two-dimensional electron layers and a metallic gate, and the experimental result that the elec-

tron mobility is linear with the electron density on a logHog scale.
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1 Introduction

For a gated two-dimensional electron system
(2DES), it is necessary to investigate the depen-—
dence of depletion on the gate voltage when we
study the electron transport in the system. It is
well known that the depletion of the gated Al-
GaAs/GaAs two-dimensional electron gas (2DEG)
system is similar to the capacity discharge. That is
to say, the electron density n linearly decreases
with the increase of the negative gate voltage'"”.
But few articles have presented the studies on the
depletion in other 2ZDES. In this paper, the deple-
tion of 2DES in a doubledayered gated Si-6-doped
GaAs is reported in details for the purpose of our

studying the singular ‘metallicdike” behavior of
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low -temperature electron transport of 2DES in this
sample'”. Some unexpected peculiarities of the de—
pletion are observed. T he depletion is characterized
as the complex nonlinear dependence of electron
density n on the gate voltage V.. A physical model

is suggested to explain the singular effect.

2 Experiment

The sample investigated in this work is taken
from the same wafer that has been described in
Ref. [ 4], which consists of an MBE—grown GaAs
with delta-doped donor layers at the depths of 270
and 470nm (seen in Fig. 1(a)). The donor atoms
are Si with a sheet concentration N4 of 7 X 10"
em” . Due to the background compensation by na-

tive bulk acceptors, the effective electron density is
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estimated to be 0. 5N 4, which corresponds with the
initial 2D electron density no of 3. 5X 10" em™? in
each layer. T hese two layers are connected electri-
cally in parallel in several points of the Hall-bar
probes. Measurement of the Hall effect was carried
out at 80mK in the Oxford Klevinox dilution re-

frigerator, with current I not exceeding 0. InA.
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FIG. 1

Schematic Diagram of Sample Structure (a)

and Double Capacities Model (b)

3 Discussion and Result

The Wdepletion curve”, plotted with solid dia—
mond symbol, is presented in Fig. 2. The 2D elec—
tron density nunof IB/eVuis obtained from the Hall
effect measurement at 80mK, where B is a perpen—

dicular magnetic field; e is the electron charge; Vi is
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FIG.2 Experimental and Theoretical Results of

Effective Electron Density ner vs Gate Voltage Vy
at 80mK
curve, and o theo) -1.5,3,4.5,6,6.5,7 represent
the fitting result as ans= 1.5,3,4.5,6,6.5,7.

o exp) represents the experimental

respectively.

the Hall voltage that is the average of four experi-

(i= 1,2,3.4)
‘ of the current and mag-

mental values Vu
netic field in two opposite directions. In our sam-
ple, single value of Vu'’ can be measured properly
only when Ve= - 3.0V. At a higher negative V.,
Vu'" as a function of Ve, undergoes strong changes,
though the average Vu can give reasonable values
for nu. Variations in Vu'" could be contributed to
the transition to inhomogeneous conductance of the
sample. The inhomogeneity is developed with | V|
increasing and depletion becoming stronger.

Our analysis is on the assumption that the de-
pletion starts in the upper(first) d-Jayer nearest to
the gate electrode when the lower (second) layer is
screened by the upper one; while the lower layer
starts to deplete only when the negative gate volt—
age exceeds some value.i.e. | VI > | Vol . and the
upper layer has depleted completely. T his assump-
tion is called double capacities model, as is shown
in Fig. 1(b).

Because both conducting d-ayers are responsi-
ble for the dependence observed at the relatively
small gate voltages, the electron density deter—
mined in the Hall measurement is the effective
value of ner. According to the sample’s structure,
the schematic diagram of the circuit induced by
Hall effect is shown in Fig. 3. Where, E1 and Ez are
the electromotive force induced by Hall effect in
the upper and lower d-ayers, respectively: ri and r2
are the transverse resistance in upper and lower
layers, respectively; It and Iz are the current from
source to drain in upper and lower layers, respec—

tively. io is the current through the circuit. Vuis the

FIG. 3
Hall Effect (See Fig. 1{a) Shadow Face from Left to
Right)

Schematic Diagram of the Circuit Induced by
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Hall voltage. The connection resistance between
upper and lower d-ayers can be neglected because
of the high density Ge diffusion. Thus, one can ob-
tain the following equation group

I= 1L+ 1

In R euini pmim
I:7 R~ epanz wanz

B B
Ei= 1 , Ea= 12
eni enz
. E-E;
o=
r+ rz
A A
= . 2=
epn epzn:
Eiro+ Eor
Vu=
ri+ r2

where [ is the total current from source to drain in
the sample. A is the structural factor. Ri and Rz are
the longitudinal resistance of ubper and lower o-
layers, respectively. ni1, p1, nz and p2 are the actual
(non-effective) electron density and mobility in the
upper and lower d-ayers, respectively. It is easy to

obtain the following relation from above equation

group.
BI i 23 BI
Vi = W Tk + n - % 1
e (nip + nap2) e Theff
T hus

2
(nu—ll + n'.z.uz)
2 2
nigy + nap:2

(1)

neft =

In case | Ve| < | Vo| ,only the upper §dayer is
depleted. In the interval ufl I/Fl , both ni and ui de-
pend on Ve, while n2 and p2 are constant. Due to the
initial compensation, negatively charged acceptors
are situated in the bulk GaAs while positively
charged donors of the equal number are in the o-
layers even when Vi.= 0. As a result, a built-in
voltage V1" appears between the gate and the first
S-ayer, and a voltage V2" appears between the first
and the second layers. Considering the similarity of
the two layers and the homogeneity of acceptor dis-
tribution, one can suppose that V2" is close to zero.
Nevertheless, it redistributes a small amount of
carries between two d-ayers. Based on the analysis
above, one can use the relation

n(Ve) = Ca(Ve— ViYe+ Nuo/2- CuVi/e (2)

where Cqi is the capacitance of the structure %ate
electrodefirst ddayer”, which is equal to the geo-
metric capacitance of two plates placed in a dielec—
tric with the permit of GaAs (e= 13.2) at the dis-
tance of 270 nm (in our sample, Ca= 43nF/cm’) .
Ci2 is a geometric interlayer capacitance. Corres—
pondingly, at a low | V|,
n2= Na/2+ Ci2V¥/e =~ const (3)
Figure 4 shows the curve of effective mobility
per versus the effective electron density ner on a
logHog scale. When the upper ddayer has been de-
pleted completely, lguer is linear with lgnar for the
lower d-ayer, where per= p2 and nar= n2. So, for
the second d-ayer
lgpz o< lgn2
It can also be written as
p2= And
where o is the corresponding slope of the line
shown in Fig. 4, and A is a constant. For the first
o-ayer, there is a similar relation to second
o-ayer.
= Ani
Thus, the relation between the mobilities is
assumed to be
.U'I/.U2= (J".H/J".Ez)"t (4}
Substituting both (4) and (2) into (1), one can
obtain

[1+ (J".Ez/l".h]'”']2
1+ (n:/n]]]+ 2a
X[Ca( Ve~ V|1'i)/e+ Na/2- Cl:Vlz'i/e]

(3)

Tefl =

0t

— 107

FIG.4 Experimental Result of Effective Mobili-

ty pear vs Effective Electron Density ner
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If n2( V)= n2(0) = const, carrying out the fit
with V1", V2" and a as adjustable parameters, one
can recover ni(Ve) and n2 at small gate voltages.
The best fit is observed when ouw= 6.5, Vi"=
- 0.46V and V2"= 0. 02V. The results of the fit
are shown in Fig. 2. According to Fig. 4, it can be
found that the slope oy =6. 9, and the fitting Otheo
in good agreement with the experimental oxp.

According to our initial insight, the second
part of the experimental dependence shown in Fig.
I corresponds to the change in electron density in
the lower ddayer only, because the first deltadayer
is empty at a certain gate voltage Vo. Consequent-
ly, defining the capacitance between the gate and
the second deltadayer as Ce(in our sample Cw2=
25nF/cm”), one can write the following relation
when [ V.l > 1Vl :

n(Ve) = No/2+ Ca[Ve= Vot Vi/e

+ CiuVi/e (6)
where Vo is an adjustable parameter. Then Vo ob-
tained is — 2.07V. The experimental data can be
fitted by using Eq. (6) unless | V| > 3.4V. Quick
depletion under a higher Ve may be due to the inho-
mogeneous electron distribution in  d-doped
2DES'* . Further experiments are needed to clari-

fy the influence of sample inhomogeneity on the de—

pletion in 2D system.

4 Conclusions

In this paper, a complex nonlinear depletion is

reported as a function of gate voltage in a double-

layered gated Si-0-doped GaAs. Moreover, it is ob-
served that lgu is linear with Ign, lgu °<lgn, and the
slope a of this linear relation is about 6. 9. T his de-
pletion phenomenon is also explained based on the
above experimental result and the assumption of
double capacities model, which consists of two 6-
doped 2D electron layers and a metallic gate. At a
result, the theoretical o agrees well with the ex-
perimental Oxp.
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