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Hole tunneling from an accumulation

layer in

single-barrier p~-type GaAs—undoped

Al,Ga,_,As—p*-type GaAs capacitors results in complex current-voltage (I-¥) characteristics. At low
bias, in the direct tunneling regime, several reproducible voltage-controlled negative resistance regions
can occur. I-V curves for a given sample are reproducible while I-V curves for nominally identical sam-
ples vary from sample to sample. I-V curves are exponential in voltage with fluctuations in
In(dJ /dV)~ 1. Detailed structure in curves of d(InJ)/dV versus voltage is temperature dependent for
T <70 K. At 1.7 K structure in derivative curves is independent of magnetic field. The observed behav-
ior is consistent with the models reviewed by Raikh and Ruzin for incoherent mesoscopic tunneling
through states in a randomly nonuniform barrier. The origin of the states in the nominally undoped
Al,Ga,_, As barrier is probably Be diffusing from regions of high doping sample growth.

I. INTRODUCTION

Tunneling in metal-insulator-metal (MIM) or
semiconductor-insulator-semiconductor (SIS) structures
is the primary conduction mechanism at low tempera-
tures when the insulator layer is thin, the fields are high,
or the metal-insulator or semiconductor-insulator barrier
heights are small. The ideal structure to study tunneling
in solids is one in which the source of carriers, the dielec-
tric insulator, and the biasing electrode are lattice-
matched single-crystal solids. Single-barrier n-type
Al,Ga,;_,As capacitors which consist of an n ™ -type
GaAs substrate, an undoped Al,Ga,_, As dielectric, and
an n *-type GaAs gate closely approximate the ideal.! A
variety of phenomena have been found to produce struc-
ture in current-voltage (I-V) and capacitance-voltage
(C-V) curves of n-type Al,Ga,_,As capacitors. Oscilla-
tory structure with a period of 36 mV due to interaction
of tunneling electrons with LO phonons in GaAs has
been observed when electrons tunnel from an n*-type
GaAs gate into the depletion region of an n ™ -type GaAs
substrate of an n-type Al ,Ga,_,As capacitor.>”> In
some cases, a magnetic field B was required to observe

phonon oscillations,?? in other cases they were observed
when B =0.* An accumulation layer forms on the n -
type GaAs substrate of an n-type Al, Ga,_, As capacitor
when the gate voltage V; is positive. Resonant Fowler-
Nordheim tunneling of electrons from an accumulation
layer can modulate I-V characteristics when B =0 if the
Al,Ga,_,As layer is of the proper thickness.®*” A mag-
netic field perpendicular to the two-dimensional electron
gas (2DEG) of the accumulation layer quantizes the den-
sity of states into Landau levels. Structure in I-V and
C-V curves reflects the properties of such Landau lev-
els.*? When a magnetic field is parallel to the sample,
structure occurs in I-V curves due to electron tunneling
into  magnetoelectric  skipping  orbits at the
Al,Ga,_,As/n "-type GaAs interface.!0~ 12

Hole tunneling in p-type Al Ga;_,As capacitors has

46

been less studied than electron tunneling. Recent work
shows that hole tunneling from an accumulation layer in
single-barrier p-type Al ,Ga,_, As capacitors produces
remarkably complex structure in the I-V characteris-
tics.!>!* When holes tunnel into a depletion layer in p ~-
type GaAs, structure is observed, when the bias voltage
exceeds 0.4 V, which has a periodicity of 39 mV, approxi-
mately that of the LO phonon energy of GaAs.!*!> Addi-
tional complex structure occurs for lower bias voltages.
In this paper we present more extensive data on hole tun-
neling from an accumulation layer in single-barrier p-type
Al,Ga,_,As capacitors, and show that structure in I-V
curves is in accord with models for tunneling through lo-
calized states in the undoped Al, Ga,_, As dielectric.

It has been known for many years that states in the
dielectric of a MIM structure can provide a channel for
increased tunneling current over that which would be ob-
served if such states were not present.!® Examples of
structure in current-voltage (I-¥) curves where such
states have been observed are the observations of struc-
ture due to organic molecules in tunnel barriers,!” struc-
ture in I-V curves of metal-oxide-semiconductor (MOS)
capacitors due to localized states caused by drifting of
sodium ions in Si0,,'® tunneling through localized states
in amorphous silicon that serves as part of the dielectric
of a MIM capacitor,'®?° or tunneling through electronic
states in field-effect transistors.?! “2* From the point of
view of interpreting experiments it is difficult to tell
whether unusual structure in I-¥ characteristics of tunnel
structures is due to localized states in the dielectric, to
shorts, to “formed” channels through which conduction
occurs,?® or to some other mechanism. Raikh and Ruzin
(RR) have recently reviewed work on transmittancy fluc-
tuations in randomly nonuniform barriers.?’” They dis-
cuss a variety of models in which there are “punctures”
or “perforations™?® that are responsible for irregular con-
duction characteristics in mesoscopic structures, includ-
ing the model of electron transmission through a dielec-
tric barrier in MIM structures.?’ 3! For samples of large
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but finite area, the conductivity of a typical sample is
determined by a few punctures of highest transmittancy
in the sample. RR derive general expressions for deter-
mining the distribution functions for punctures by
measuring the conductivity of a large number of samples
of different areas. Such a distribution of states has been
measured for gated field-effect transistor (FET) struc-
tures,” but it has not been possible to determine the dis-
tribution in single-barrier structures. RR show that if the
local transmittancy of a barrier is affected exponentially
strongly by an external factor F, then a distribution func-
tion for punctures can be obtained from a single sample.
Their model has four consequences. First, I-V charac-
teristics of each sample are reproducible but the depen-
dence of conductivity on F varies between different sam-
ples that are nominally identical. Second, the conduc-
tance of different samples fluctuates around the average
value, as shown schematically in Fig. 1(b), which is taken
from Raikh and Ruzin.?”3! Fluctuations are of the order
of 1 in the natural logarithm of conductance, o. The pa-
rameter F in Fig. 1(b) is the correlation field for fluctua-
tions. Third, as temperature increases, fluctuations in
conductance broaden and eventually disappear. Fourth,
in contrast to those mesoscopic phenomena in which con-
ductance fluctuations arise from interference of electrons
that take opposite paths around a closed loop of scatter-
ers, fluctuations due to incoherent mesoscopic phenome-
na are nearly independent of magnetic field applied to a
sample. Electron or hole tunneling in SIS, MIM, or MOS
capacitors is exponentially dependent on field (or volt-
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FIG. 1. (a) Schematic energy band diagram for p ™ -type
GaAs-undoped Al,Ga,_,As-p -type GaAs(Al,Ga,_,As)
capacitor biased into accumulation. (b) Schematic representa-
tion of random fluctuations of Ino during change of external
field F. From Raikh and Ruzin, Ref. 31.
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age), and is thus suitable for applying the model of Raikh
and Ruzin.

The models discussed by RR are all couched in terms
of electron tunneling or electron conduction. No results
have been reported for n-type Al,Ga,_, As capacitors in
which structure in I-V characteristics is determined by
tunneling of electrons from an accumulation layer
through states or punctures in the Al,Ga,_, As dielec-
tric. In the present paper we show that hole tunneling
from an accumulation layer in p-type Al ,Ga,_,As capa-
citors fits the criteria given by RR for tunneling through
“punctures” or localized states in the Al Ga,_ As
dielectric that are exponentially sparse but have an ex-
ponentially enhanced transmittancy.

II. EXPERIMENT

A. Sample preparation

Figure 1(a) shows a schematic energy-band diagram of
the valence bands of the p-type Al Ga,_,As capacitors
used to study hole tunneling. The heterostructures were
grown by molecular-beam epitaxy (MBE) on a heavily
p t-doped (100 )-oriented GaAs wafer. They consist of a
heavily doped p*t-type GaAs buffer layer ~200 nm
thick, a p ~-type GaAs substrate layer ~600 nm thick
with doping Ng~6X10" cm™ an undoped
Al sGag sAs layer ~20 nm thick, and a p "-type GaAs
gate layer ~300 nm thick with doping Ng~8X 10"
cm~? which was increased to ~10' cm™? at the outer
surface for better ohmic contact. Beryllium is the p-type
dopant. An undoped GaAs layer ~3 nm thick was
grown on each side of the Al sGa, sAs layer which is the
dielectric of the SIS capacitor. After sample growth
ohmic Ag-Zn contacts were made to the p t-type GaAs
wafer and to the p *-type GaAs gate. Evaporated gold
films were used as an etch mask to form SIS capacitors.
Samples were mounted on TO-5 headers with Ag epoxy
for low-temperature measurements. Procedures for
measuring I-V, capacitance-voltage (C-V), and
conductance-voltage (G-¥) curves have been de-
scribed.!®12:32

B. Hole accumulation layers

When the p © gate of a p-type Al ,Ga,_,As capacitor is
biased negatively, a hole accumulation layer forms on the
p -type GaAs substrate as shown schematically in the
electron energy-band diagram of Fig. 1(a). E, and Ep
show the valence band and Fermi level as a function of
distance. Vg is the applied voltage, V; is the voltage
across the insulator, ¥g is the band bending in the sub-
strate, and ¥ is the band bending in the gate. g is the
electron charge, w is the Al ,Ga,_,As thickness, d is the
thickness of the p ~-type GaAs substrate, ¢ is the bar-
rier height at the Al ,Ga,_,As/p *-type GaAs interface,
and ¢g is the barrier height at the p ™ -type
GaAs/Al,Ga,_,As interface. E , indicates the approxi-
mate position of the Be acceptor in Alj ;Gag sAs.

The valence-band structure of GaAs is complex.
For bulk GaAs at k =0 there are degenerate heavy-hole
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and light-hole bands, and a split-off band which can be ig-
nored. In an accumulation or inversion layer the light-
hole band splits off from the heavy-hole band at kK =0 due
to differences in effective mass of the two bands. If k0,
the twofold degenerate heavy- and light-hole bands are
further split by loss of inversion symmetry, so that there
are four hole bands in an accumulation layer whose rela-
tive separation varies as Ny, the hole density in the accu-
mulation layer, increases. In an accumulation layer each
of the hole bands is quantized in the direction perpendic-
ular to the Al, Ga,_, As barrier; it has a minimum ener-
gy, as shown schematically for two bands in Fig. 1(a), E,
and E,;. In a hole accumulation layer the ground state
for holes is a heavy-hole level perpendicular to the inter-
face, which is highest in energy on an electron energy-
band diagram such as in Fig. 1(a). A complex mixing of
heavy- and light-hole states occurs when k0. From the
difference of effective masses between heavy and light
holes most of the holes should be heavy holes. There is a
mass-reversal effect; the heavy-hole effective mass is
heavy perpendicular to the p ~-type GaAs/Al,Ga,_,As
interface but is light parallel to the interface, while the
light-hole effective mass is light perpendicular to the p ~-
type GaAs/Al,Ga,_,As interface but is heavy parallel
to the interface.’’ Light-hole tunneling through
Al ,Ga,_,As is favored since the tunneling probability
depends exponentially on the hole mass normal to the
barrier.

C. Sample uniformity

A characteristic feature of resonant or nonresonant
tunneling through states in the barrier of a SIS capacitor
is that samples that are otherwise identical have different
patterns of structure in I-¥ curves. We have studied four
p-type tunneling samples in details. C-V and I-V curves
between 77 and 235 K have been used to show that the
basic sample properties are nearly identical.

C-V curves for p-type Al ,Ga,_,As capacitors are
nearly ideal, as is shown in Fig. 2(a). The solid line in
Fig. 2(a) is an experimental C-V curve for sample A4 at 1
MHz and 77 K. The dotted curve is a C-V curve calcu-
lated using a classical model which has been used previ-
ously for n-type Al Ga,_, As capacitors.""” The parame-
ters of the calculation are given on the figure. Ng is ob-
tained from the experimental C-V curves. N; and wg,,
the capacitance thickness, are obtained by comparing cal-
culated and experimental C-V curves. ¢; is the dielectric
constant of Al, sGay sAs used for calculations. The flat-
band voltage, Vg, for all the p-type Al, sGa, sAs capaci-
tors is 0.0 V. The model calculates Vgy as the difference
between the Fermi levels of the p T-type GaAs gate and
the p ~-type GaAs substrate. Vg is the voltage by which
the calculated C-¥ curve is shifted for it to coincide with
the experimental C-V curve. The decrease in capacitance
for —0.65SV;<—0.1 V is due to band bending in the
p T-type GaAs gate. V;, ¥, ¥, and the field across the
insulator, F, are calculated as a function of V; they are
shown in Fig. 2(b) for sample 4. As is the case for n-type
Al,Ga,_,As capacitors in accumulation, about | of the
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FIG. 2. (a) Experimental (solid) and calculated (dotted) ca-
pacitance curves for p-type Al,Ga,_, As capacitor. Parameters
are those used for calculated curve. Sample area: 4.0X107*
cm?. (b) Dependence of s, ¥g, V;, and F on Vg, calculated
from the theoretical C-V curve.

total applied voltage goes into band bending in substrate
and gate.

Barrier heights for the samples are determined from
the temperature dependence of I-V curves in the temper-
ature range 100 to 235 K, where thermionic emission of
holes over the GaAs/Al,Ga,_ As barrier dominates the
I-V curves."3¥ % The current density due to thermionic
emission, J, is given by

J=A*T?exp(—¢5/kT) A/cm? , (1)

where A* is the prefactor, ¢ is an effective barrier
height, and T is the temperature. At 77 K, hole tunnel-
ing is the dominant conduction mechanism; currents are
exponentially dependent on Vg for V; <0.0 V and they
are almost unmeasurable for V;>0.0 V. Just as for n-
type Al,Ga,_, As capacitors, rectification occurs because
the field across the Al, Ga,;_,As barrier is large when the
lightly doped substrate of the Al Ga,_, As capacitor is in
accumulation; it is very small when ¥V; >0 V and the sub-
strate is in depletion, as shown in Fig. 2(b). Currents for
V>0V are too small to study hole tunneling into a de-
pletion region as Alikacem et al. have done.'*'®> Barrier
heights are obtained from the slope of plots of In(J /T?)
as a function of 1/T for T between 115 and 235 K, and
A* is obtained from the intercept. Figure 3(b) shows the
effective barrier heights for sample A as a function of V.
¢, measured when ¥V >0V, is nearly constant. ¢g, the
effective barrier height for emission of holes from the ac-
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FIG. 3. (a) log,o4* and (b) barrier height vs gate voltage,
determined from thermionic emission analysis of I-V data. 4*
is the prefactor for thermionic emission of holes over the bar-
rier.

cumulation layer, decreases markedly as | V| increases.
This is primarily due to the increase in Fermi level E as
the hole density increases; Schottky lowering of the bar-
rier by the field may also contribute. For V;>0 V,
A*~2 A/cm?K? and is nearly constant, as shown in
Fig. 3(a). For ideal thermionic emission of electrons into
vacuum, 4* is Richardson’s constant 4,=120 A/cm?-
K?. For ideal semiconductors 4*~m, 4,, where m, is
the effective mass of the current carriers. For GaAs,
there are both heavy holes of mass m, =0.5m, and light
holes of mass my, =0.09m, where m,, is the mass of the
free electrons. If heavy holes were the dominant current
carriers one would expect 4*~60 A/cm’-K? if light
holes were dominant, A*~10 A/cm?*K2 The experi-
mental value 4*~2 A/cm?-K? is very close to the mea-
sured value for electrons' and indicates that thermionic
emission current is primarily due to light holes, even
though they constitute only a small fraction of the total
hole population in the valence band of GaAs.

Four samples have been studied in detail in the present
work, all of which have Al, ;Ga,sAs dielectric layers.
Samples A4, B, and D have an area of 4.00X 107* cm?;
the area of sample C is 1.56X 10~ * cm?. Table I shows
Ng, Ng, w.,, A*, and ¢ for the samples. They have
essentially the same values for all these parameters. w,,
is ~26 nm and is larger than the nominal Al; sGag sAs
thickness of 20 nm. This occurs because C-V curves mea-
sure the thickness when the Al,Ga,_,As capacitor is in
accumulation. The centroid of the charge is not at the
Al, sGa, sAs/GaAs interface but is displaced by ~3 nm
by quantum effects. Similar effects are observed in
n-type Al _Ga,_ As capacitors.” Values of ¢ are close
to the value of the valence-band offset for the
GaAs/Aly sGa, sAs interface, 0.275 eV.*®%  Except
when comparing conduction in different samples, most
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TABLE I. Properties of p-type Al sGag sAs capacitors. Ny
is the substrate doping, N; is the gate doping, w., is the
Al sGaj sAs thickness from C-V measurements, ¢ is the ac-
tivation energy, and 4 * is the prefactor for thermionic emission
of holes.

NS NG wcp d’G
Sample (10'* cm™3) (10" cm™3) (nm) (eV) log,d* A*

26.3 0.263 0.2—0.3 1.6—2.0
26.3 0.259 0.1—-0.2 1.3—1.6
27.1 0.266 0.2—0.3 1.6—2.0
25.7 0.266 0.1—-0.2 1.3—1.6
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results are given for sample A since it exhibits four true
voltage-controlled negative resistance (VCNR) regions in
its I-V characteristics at low temperature, and two re-
gions that almost show VCNR.

III. RESULTS

A. Temperature dependence of I-V curves

A decrease in the fluctuations of conductance with in-
creasing temperature is a characteristic feature of in-
coherent mesoscopic tunneling through impurity states in
the barrier. Figure 4 shows I-V curves for sample 4 as a
function of temperature between 40 and 2.4 K, and Fig. 5
shows In(o)=In(dJ /dV) for the same temperatures for
—0.5=<V;=—0.1V. Data were taken at 0.001 V inter-
vals to resolve the complex structure that occurs.

SAMPLE A

logyo [CURRENT (A)]

| | | 1 |
-0.8 -0.7 -06 -05 -04 -03 -02 -0.1 00
GATE VOLTAGE (V)

FIG. 4. Dependence of log, (current) on gate voltage for
different temperatures for the p-type Al ,Ga,_,As capacitor.
Note irregular structure in I-V curves at lowest temperatures.
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FIG. 5. Dependence of In(dJ /dV)=In(o) on V; for different
temperatures for sample 4. m-s identify reproducible minima.

Derivatives were calculated numerically from I-V curves.
A limited voltage range is plotted in Fig. 5 since this is
the region of pronounced structure in o.

At 40 and 30 K, the I-V curves of samples A4 are rela-
tively smooth although Fig. 5 shows there is definite
structure in 0. By 10 K there are sharp negative resis-
tance regions in the I-V curves. Figure 4 shows a prob-
lem with working with p-type Al Ga,_, As capacitors.
From optical measurements the Be acceptor energy is
0.028 eV; from admittance measurements on these sam-
ples it is 0.020-0.023 eV.3? Holes freeze out in the tem-
perature range from 30 to 10 K. The resistance of the
600-nm p ~-type GaAs substrate becomes large enough
that there is a significant voltage drop across it. This first
affects the higher current regions of the I-V curves and,
below 20 K, shifts structure in I-¥ curves to higher volt-
ages. This is clearly shown in Fig. 5 where five minima
n - - - r have a characteristic structure of a doublet and a
triplet. At 20 K their positions are not affected by accep-
tor freezeout; by 10 K the position of each is shifted to
higher voltage but the pattern of structure remains. Two
characteristics of the RR theory are that structure in I-V
curves broadens and disappears as temperature increases,
and that fluctuations in conductivity occur for which
Alno ~ 1, due to conduction through specific states in the
dielectric.?”*! Figure 5 shows that both these effects
occur for sample A. The fluctuations in Ino are of order
1, and are superimposed on the exponential dependence
of current on voltage, which is due to direct tunneling of
holes from the accumulation layer on p ~-type GaAs to
the p "-type GaAs gate.

An alternate way of presenting data which resolves
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structure in greater detail is to plot d(nJ)/dV
=(1/J)dJ /dV versus gate voltage, as is done in Fig. 6.
At 40 K a triplet and doublet structure is observed; such
structure only disappears above ~70 K. Below 20 K fine
structure develops in the derivatives which is completely
reproducible. For example, the region between minima o
and p has shoulders at 20 K but has two minima at 10 K
and three minima in the derivative at 2.4 K. Another ad-
vantage of the derivative curve of Fig. 6 is that, for re-
gions of VCNR, the value of the derivative is less than 0.
The effect of acceptor freezeout on the position of mini-
ma in derivative curves is shown in Fig. 7, in which the
voltage for different minima, V,,, is plotted as a func-
tion of temperature. V_;, is constant within £0.001 V
above 16 K; below 16 K, V., increases, with the voltage
shift being larger the larger the current. The samples
studied have relatively thick Al Ga,_, As barriers, ~20
nm, which results in low tunneling currents. This is ad-
vantageous for studying structure in I-V curves since
I <1078 A for the voltage range in which complex struc-
ture occurs in derivative curves. The shift in voltage of
the structure with thinner dielectric barriers would be
even larger because of larger currents. One reason for us-
ing sample A to illustrate data for all the samples is that
its pattern of minima is relatively simple.

Two types of tunneling occur in Al ,Ga,_, As capaci-
tors, direct tunneling, and Fowler-Nordheim (FN) tun-
neling. At low biases the barrier is trapezoidal and holes
tunnel directly from one electrode to the other. At high
biases the barrier becomes triangular; holes tunnel into

VT T — 1 T 3%
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25 — — 25
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50 I | | | | 1 50
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3 50 1 l | I [ 50
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25 125
o
0 d F . 0
-0.5 -0.3 -0.1 -0.3 -0.1
GATE VOLTAGE (V)
FIG. 6. Dependence of derivative curves,

d(InJ)/dV =(1/J)(dJ /dV), on Vg for different temperatures for
sample 4. m-s identify principal minima in derivative curves.
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FIG. 7. Dependence of the voltage for different minima in
derivative curves on temperature for sample 4. Freezeout of
acceptors in substrate shifts the position of minima between 15
and 5 K.

the valence band of Al Ga,_,As before reaching the
p T-type GaAs gate. Such FN tunneling is illustrated in
Fig. 1(a). The transition from one regime to the other
occurs when V; is greater than ¢;. From Fig. 2(b) this
occurs when V;<—0.32 V. The temperature-
independent structure of Figs. 5 and 6 occurs in the
direct tunneling regime. There is an increase in conduc-
tance of sample 4 when | V4|2 0.32 V, corresponding to
the transition from direct tunneling to FN tunneling, but
there is no structure corresponding to tunneling through
states in the Al, Ga, _, As dielectric for FN tunneling.

B. Sample variability

A characteristic feature of tunneling through “punc-
tures” or impurity states in randomly nonuniform bar-
riers is that the pattern of nonuniformity is sample
specific; nominally identical samples show different struc-
ture in I-V curves and in plots of conductance versus
voltage. Table I gives measured parameters for four sam-
ples that were grown on the same wafer. The reproduci-
bility from sample to sample is very good. Figure 8
shows InJ (dotted) and In(dJ /dV) (solid) as a function of
voltage for —0.4<V;=<0.0 V, the direct tunneling re-
gime in which there is structure due to tunneling through
states in the Al,Ga,_, As barrier. The temperature is 18
K for each sample; the temperature is low enough that
structure in conductance is well developed but is high
enough that freezeout of the p  -type GaAs substrate
does not shift the position of the fluctuations. The
current through all four samples depends exponentially
on voltage in similar fashion, the thresholds for detect-
able current are about the same, and all four samples

T. W. HICKMOTT 46

ST T T T T 8
(a) SAMPLE A (b) SAMPLE B
—__In (dJ/av)
-7
~11 = £
= S
S <
o >
5 E
o n
<€ =z
- w
- [a)
3 E
3 &
= o
< s
=
----- =
. -20
0.4 -0.2 0.0 -0.2 0.0
GATE VOLTAGE (V)
FIG. 8. Dependence of In(J) (dotted) and of

In(dJ/dV)=In(o) (solid) on V; for different p-type
Al,Ga,_,As capacitors with nominally identical properties.
T =18 K for all samples.
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FIG. 9. Dependence of derivative curves, d(InJ)/dV, on Vg
for different temperatures for sample B. r identifies a voltage re-
gion where complex structure develops as temperature de-
creases.
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have fluctuations A Ino ~ 1, as shown by horizontal bars
in Fig. 8(a). Just as with sample A4, I-V curves and their
derivatives are reproducible to +0.001 V for all the sam-
ples over the temperature range from 1.7 to 70 K. In de-
tail, the voltages for maxima and minima in conductance
differ markedly for the four samples.

Sample B illustrates the complexity of the structure
that can develop in derivative curves as temperature is
lowered. Figure 9 shows d(InJ)/dV versus gate voltage
for different temperatures for sample B. At 20 K and
lower there is a VCNR minimum at V; = —0.27 V which
is the only VCNR region for the sample. In the region r
there is a doublet in the maxima of the derivative. At 14
K the doublet develops a shoulder which becomes a
well-defined triplet at 8 K and lower temperatures. The
two maxima for —0.27SV; S —0.22 V are doublets at
30 K and lower, and at 2.4 K there are four doublets in
the maxima of the derivatives between —0.15 and —0.28
V. Thus each sample has a characteristic pattern of fluc-
tuations in derivative curves with temperature-dependent
fine structure, but the pattern varies from sample to sam-
ple.

C. Magnetic fields

Fluctuations in the conductance of mesoscopic systems
due to conduction through “punctures” or states in a bar-
rier do not depend on the interference of electrons that
take different paths through a sample. Consequently
there should be no effect of magnetic field on the conduc-
tance fluctuations of a sample that exhibits incoherent
mesoscopic conduction through single deep states in the
barrier. The magnetic field can change fluctuations be-
cause of Zeeman effects or spin splitting in impurity
states.

Figure 10 shows d(InJ)/dV as a function of V; for
different values of magnetic field B perpendicular to sam-
ple A. Figure 10(c) identifies minima in the derivative, m
through r, which correspond to the same minima in Figs.
5 and 6. (Note that the voltage scale differs for the
figures.) Values of V; for these minima, as a function of
perpendicular B, are plotted as solid points in Fig. 11(b).
There is no significant change of V,;, with B, which is
consistent with the structure in I-V curves being due to
resonant tunneling through states in Al,Ga,_, As bar-
rier.

The structure in derivative curves in Fig. 10 is substan-
tially more complex than in the curves of Fig. 6. Pri-
marily the increase in complexity is due to lowering the
temperature. In particular, structure develops between
minima o and p as temperature is reduced. However, su-
perimposed on the structure due to tunneling through
states in the barrier is structure which depends on mag-
netic field. V; for minima labeled a and B in Figs.
10(c)-10(f) are proportional to B as is shown in Fig.
11(b). For —0.4<V; < —0.1 V, changes in the deriva-
tive due to a and B can be identified but are masked by
structure due to incoherent mesoscopic tunneling. Mini-
ma a and S are clearly shown for —0.7SV;<—0.4 V,
where structure due to tunneling through states in
Al,Ga,_, As does not dominate derivative curves.
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Hole tunneling in p-type Al,Ga,_,As capacitors is
from an accumulation layer, as shown schematically in
Fig. 1(a). Holes in an accumulation layer occur in sub-
bands, each of which has a minimum energy which is
determined by the effective mass of the carriers.*' For
GaAs the lowest subband, with energy E,, is a heavy-
hole band; its energy is determined by the effective hole
mass perpendicular to the p-type GaAs/Al,Ga,_,As in-
terface. There is a mass-reversal effect in a two-
dimensional hole gas on GaAs; holes that are heavy holes
perpendicular to the GaAs/Al,Ga,_,As interface are
light holes parallel to the interface, and vice versa.’” In
addition, when k50, there is a complex mixing of light-
and heavy-hole states; similar complex mixing of hole
states also occurs in high magnetic fields.*?

In a perpendicular magnetic field each of the hole sub-
bands forms Landau levels.*! For a parabolic energy
band, if E,, is the lowest energy of a particular subband
at 0 T, in a magnetic field B, E;=E;;+(N+1/2)w,.
#fiw; =qB#/m; is the cyclotron energy for holes which
have an effective mass m;, and N=0,1,... is the
Landau-level index. The effective mass that determines
fiw; is the effective mass parallel to the p-type
GaAs/Al,Ga,_,As interface. Observation of magnetic-
field-dependent minima in Fig. 10 is consistent with a
light-hole mass for holes parallel to the interface; it does
not tell what the mass is.

Structure in derivative curves such as those in Fig. 10
due to Landau levels is easily resolved for |V |20.4 V
since there is no structure due to tunneling through states
in the Al,Ga,_ As barrier. For —0.45V;<0.0 V, be-
cause of the complex structure at all values of B, it is
much more difficult to track structure in I-V curves due
to the effect of magnetic field. ac conductance measure-
ments can simplify their identification. Capacitance-
voltage curves of p-type Al, Ga,_  As capacitors, such as
in Fig. 2(a), are measured with an LCR meter which mea-
sures the parallel capacitance, Cp, and ac conductance,
Gp, of the heterostructure.’? In studies of magnetotunnel-
ing in n-type Al Ga,_,As capacitors it has been shown
that structure occurs in both Cp and Gp curves that
reflects minima in the density of states in an accumula-
tion layer due to the occurrence of Landau levels.®® At
1.7 K Be acceptors in the p ~-type GaAs substrate are
frozen out, which results in a very high series resistance.
This causes Cp measured in accumulation to have a con-
stant small value. The magnitude of Gp is also reduced
by series resistance but it shows well-resolved Landau-
level structure. In Fig. 12, conductance-voltage curves at
10 kHz are shown for sample A4 at different perpendicu-
lar magnetic fields. The dotted curve in Fig. 12(b) shows
a typical C-V curve and illustrates the suppression of Cp
by series resistance. G-V curves do not show the complex
structure of I-V curves but have minima, ¢ and f3, at
values of V that are linearly proportional to B. The
open circles, or large solid circles, in Fig. 1(b) show the a
minima and the large open squares show the 3 minima;
they agree closely with magnetic-field-dependent minima
in I-V curves. For G-V curves, a peaks are not resolved
for B <8 T; B peaks are unresolved for B <9 T. A third
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FIG. 12. Dependence of ac conductance at 10 kHz on V; for
sample A in different perpendicular magnetic fields, a, 3, and y
are minima whose position is proportional to B. Dotted curve
in (b) shows a 10-kHz C-V curve at 1.7 K and 10 T.

minimum ¥ appears in Fig. 12(f) but is not well resolved.

Studies of magnetocapacitance and magnetotunneling
curves for n-type GaAs capacitors in a perpendicular
magnetic field have shown that structure in C-V, G-V, or
I-V curves depends on changes in the density of states in
the accumulation layer at the GaAs/Al,Ga,_,As inter-
face due to formation of Landau levels.*® C-V and G-V
curves reflect changes in the density of states due to
filling or emptying of states from the back contact
through the lightly doped substrate. I-V curves reflect
the effect of the density of states on tunneling through the
Al ,Ga,;_,As barrier. The curves of Figs. 10 and 12 are
an extreme example of this difference. In Fig. 10 struc-
ture due to tunneling from a varying density of states in
the accumulation layer is superimposed on a remarkably
complex structure due to tunneling through states in the
Al ,Ga,_,As barrier. In Fig. 12, G-V curves at 10 kHz,
show none of the complex structure of the I-V curves but
show changes in the density of states due to the forma-
tion of Landau levels.

When measuring I-V curves, increasing | V| increases
Ny, the number of holes in the accumulation layer. The
field at the p  -type GaAs/Al,Ga,_,As interface in-
creases, Y increases, and E.—E increases as Ny in-
creases. If a perpendicular B is constant the hole Fermi
level moves through a sequence of Landau levels which is
not necessarily linear in B due to the complex mixing of
light-hole and heavy-hole states. The dependence of Ny
on Vg can be estimated by integrating C-V curves, as is
shown by the solid curve in Fig. 13(a), where Ny versus
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tion layer of sample 4 on V. Solid line from integrating C-V
curve at 1| MHz and 77 K; solid points from Fourier analysis of
I-V-B curves. (b) Dependence of magnetic field for minima of
I-V-B curves on V.

V¢, derived from the C-¥ curve of sample 4 at 77 K and
1 MHz is given. The curve at 77 K is used because series
resistance of the p ~-type GaAs substrate due to acceptor
freezeout at lower temperature can reduce the magnitude
of capacitance and distort Ny. A complementary mea-
surement is to measure current at constant ¥V as B is
changed, an I-V-B curve. Holding V; constant means
that Ny, ¢g, and Ep are nearly constant. Figure 14
shows the ratio I(B)/I(0) at constant V; as a function
of B for several values of V;, where I(0) is the current at
0 T. The curves of Fig. 14 are shifted with respect to
each other but all are plotted on the same ordinate scale.
Horizontal lines correspond to I(B)/I(0)=1.0. All
curves show a decrease in I(B)/I(0) as B increases.
Minima corresponding to three successive levels occur.
As typified by Fig. 14(a), for —0.205V;5—0.10 V
there is no structure in I-V-B curves that depends on B.
For —0.28 SV; S —0.20 V the value of B for minimum
h, is proportional to V;. The minimum h, can be
resolved for —0.57<V; S —0.28 V, and for V; S —0.36
V h; moves to higher values of B. B-V; plots for &, h,,
and h, are shown in Fig. 13(b); A5 corresponds approxi-
mately to a in Fig. 11(b), h, corresponds to B, and A,
corresponds to y in Fig. 12(f), which can be resolved in
G-V plots but not in I-¥ plots. The lines in Fig. 13(b) are
least-square lines drawn through the lowest voltage
points. Although 4, and h, are linear in plots of B ;,
versus Vg, there is pronounced curvature for minimum

0 2 4 6 8 10 12 14 16
MAGNETIC FIELD (T)

FIG. 14. I(B)/I(0 T) as a function of perpendicular magnetic
field for different fixed values of gate voltage. h;, h,, and h;
show minima whose position is proportional to V; and B.
Curves are shifted vertically for clarity; horizontal lines are at
I1(B)/1(0)=1.0.

h;. The minima h,, h, and h; appear to be due to
separate subbands in the accumulation layer rather than
to Landau levels of a heavy-hole band.

In addition to minima A, h,, and h, there are minima
in Figs. 14(f)—14(i) for BX 3 T. Similar structure is ob-
served for I-V-B and C-V-B curves of n-type
Al Ga,_ As capacitors.®® If plotted as a function of
Landau-level index N, the spacing of the minima is pro-
portional to 1/B. For n-type GaAs capacitors, they are
due to the passage of successive minima of Landau levels
through the Fermi level of the two-dimensional electron
gas of the accumulation layer. Fast Fourier transform
(FFT) analysis of I-V-B and C-V-B curves as a function of
1/B has been used to determine the surface concentration
of electrons in the accumulation layer of n-type
Al,Ga,_,As capacitors.” By analogy, as Ny increases
due to increasing V, the Fermi level in the accumulation
layer moves from a heavy-hole subband into a light-hole
subband. Landau levels are not resolved in the heavy-
hole band but are in the light-hole subband, with a conse-
quent modulation of the density of states at the Fermi
level. This in turn modulates the tunneling current with
a period proportional to 1/B. The results of a similar
FFT analysis of the I-V-B curves of Fig. 14 are shown by
the solid circles in Fig. 13(a), which plots Ny as a func-
tion of ¥;. Minima cannot be resolved for |V;|$0.3 V.
The solid curve gives Ny versus voltage from integrating
a C-V curve at 77 K. For electrons, such a curve gives
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Ny at a given voltage that is ~10% less than derived
from FFT analysis of I-V-B or C-V-B data; however, all
electrons have nearly the same effective mass. For holes,
Fig. 13(a) suggests that about Z of the holes act as light
holes when Ny 2 5X 10'! cm™2; the rest have heavy mass
and their presence does not produce structure in /-V-B
curves which is proportional to 1/B. Alikacem et al.
have made similar measurements of the dependence of
hole density on bias.'*

If the magnetic field is parallel to the p~ -type
GaAs/Al,Ga,_, As interface, Landau levels do not form
in the accumulation layer on the substrate. If conduction
is through states in the Al, Ga,_,As layer, parallel fields
should not affect structure in I-V curves. In Fig. 11(a)
the values of V; for different minima in the derivative
curve are given as a function of parallel magnetic field.
The values of V_;, are constant, just as they are in per-
pendicular magnetic field. One of the most striking
features of hole tunneling is the occurrence of VCNR re-
gions in the I-¥ curves. Larkin and Matveev*’ have sug-
gested that negative differential conductance can occur if
pairs of impurities are involved in a conduction path. In
such a case a parallel magnetic field could affect in-
coherent mesoscopic tunneling by changing the phase of
holes as they tunnel from one impurity of the pair to the
other. Both sample 4 and sample B have VCNR regions
in their I-V characteristics. For parallel magnetic fields
Bz11 T the conductance does not drop to negative
values; VCNR in the I-V curves is eliminated for both
samples.

IV. DISCUSSION

Four features are characteristic of incoherent meso-
scopic tunneling through transmittancy fluctuations or
“punctures” in a tunnel barrier. First, I-V characteristics
are stable and reproducible for a given sample but con-
ductivity varies between nominally identical samples.
Second, the conductance of different samples fluctuates
around an average value with fluctuations in Ino of the
order of 1. Third, increasing temperature broadens fluc-
tuations in conductance and eventually causes them to
disappear; and fourth, conductance fluctuations are in-
dependent of magnetic field. Hole tunneling from an ac-
cumulation layer in p-type Al,Ga,_ , As capacitors exhib-
its all these characteristics. From the data, the principal
conduction mechanism for 7 <77 K is tunneling of light
holes through the Al ,Ga;_,As barrier, and the complex-
ity of the I-V curves is due to tunneling of holes through
a small number of states that are distributed randomly in
position and energy in the Al, Ga,_, As barrier.

The origin of the states in the Al,Ga,_, As barrier is
uncertain but the most likely source is Be acceptors that
have diffused in from the p *-type GaAs gate during sam-
ple growth. Many measurements have been made on tun-
neling in n-type Al,Ga,_,As capacitors; while there is
extensive structure in magnetotunneling curves due to
Landau levels in an accumulation layer or to Landau
states in the n *-type GaAs gate, no structure similar to
that which occurs in hole tunneling has been observed.
Substitutional Be is an acceptor in both GaAs and
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Al ,Ga,;_,As. From optical measurements the hole bind-
ing energy is 0.028 eV in GaAs and 0.049 eV in
Al, sGa, sAs.** The temperature region for the disap-
pearance of fluctuations in conductance of p-type
Al,Ga,;_,As capacitors reaches up to 70 K, which is
consistent with the hole binding energy in Al, sGa, sAs.
In addition, Be diffusion in GaAs and Al,Ga,;_,As is
anomalously rapid during MBE growth of heavily Be-
doped heterostructures.*’~*® Diffusion by interstitial Be
can give rapid in-diffusion of Be from the p *-type GaAs
gate region into Al,Ga;_,As. The extent of Be diffusion
into Al ,Ga,_,As is not enough to destroy its
effectiveness as a tunnel barrier but is sufficient to provide
randomly distributed impurity states in the barrier
through which tunneling can occur since only a small
number of states are needed in the barrier.

There is a difficulty in having a shallow acceptor Be as
the origin of impurity states in the Al, sGa, sAs barrier.
Barrier states affect tunneling current most strongly when
they are located in the middle of the barrier and have an
energy equal to the Fermi level of the accumulation lay-
er.”? In Fig. 1(a), E , shows the approximate energy posi-
tion of the shallow acceptor in Al, sGag sAs. If conduc-
tion is through shallow states they should only become a
conduction channel when V; X ¢;—E ,, just before the
onset of FN tunneling. From Fig. 2(b), this corresponds
to |VG| 20.27 V. However, complex structure is ob-
served for | V| 20.100 V, and no structure is observed in
the FN tunneling regime. If Be is responsible for barrier
states it needs to introduce deep states as well as shallow
states in the forbidden gap. It may be possible to test
whether Be acceptors in Al,Ga,_ As are the source of
structure in tunneling by deliberately doping the barrier
during growth.

There are two papers on hole tunneling in a similar
Be-doped p-type Al ,Ga,_,As capacitor. Alikacem
et al.'"*® have used a structure with a thinner
Al 4Ga ¢As dielectric layer, 12.7 nm, compared to a 20-
nm Alj ;Ga, sAs barrier in the present work. For V; >0
V, holes tunnel from the p *-type GaAs gate into a GaAs
depletion region. For V;X 0.4 V they find a sequence of
peaks in d*I /dV?* with a spacing of 39+2 mV which they
attribute to the interaction of LO phonons with holes
that tunnel throught the barrier. They compare their re-
sults to structure in I-V curves of n-type Al ,Ga,_ As
capacitors due to electrons interacting with LO phonons
after tunneling into an n~ -type GaAs depletion re-
gion.?”* For electrons, a sequence of peaks with 36-mV
spacing is observed for —1.25V; S —0.040 V in both
I-V and C-V curves. No other structure is observed. For
hole tunneling and for 0.0 S ¥V; $0.4 V, Alikacem et al.
report complex structure in d*I /dV? which disappears
above about 50 K. The structure is similar to that ob-
served here, suggesting that conduction through impurity
states in the barrier is superimposed on current due to
direct tunneling of holes. They do not give derivative
spectra of I-V curves for tunneling from an accumulation
layer. It is possible that their 39-mV structure is due to
tunneling through states in the Al Ga,_ , As barrier rath-
er than to interaction of holes with LO phonons. Studies
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of hole tunneling in double-barrier* > or triple-barrier

heterostructures®! show VCNR in I-¥ characteristics but
do not show structure that is clearly identified with hole
tunneling through impurity states in the barrier.

In conclusion, complex structure is observed in I-V
curves of p-type Al ,Ga,_, As capacitors. The structure
is superimposed on direct tunneling of holes from an ac-
cumulation layer through an Al ,Ga,_,As barrier. It is
consistent with what is expected for incoherent meso-
scopic tunneling of carrier through a few “punctures” or
impurity states in the barrier that have an exponential
spread in transmittance, as discussed by Raikh and Ruz-
in.?” p-type Al _Ga,_,As capacitors are essentially an
ideal system for studying mesoscopic tunneling through
states in the barrier. Substrate, gate, and barrier regions
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are lattice-matched single crystals. Barrier heights can
be varied by varying the Al content of Al, Ga,;_, As, and
the density and distribution of impurity states may be
varied by changing growth conditions of the heterostruc-
tures.
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