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Via a study of aHoy tunnel diodes on GaAs: Zn substrates, we conclude that at high substrate
doping levels, p & 5x10 cm 3, average-barrier tunneling predominates, whereas at lower
substrate dopings, p & 1.3 &&10 cm, impuxity-assisted tunneling predominates. The photo-
sensitive features of the tunneling charactexistics in units made on the more lightly doped sub-
stxates permit us to identify both elastic and inelastic resonant ("two-step" ) tunnelingprocesses
associated with Au-Ge traps in the space-charge region. A summary of the predictions of
a microscopic theory of resonant tunneling is presented and used to interpret both our own data
and those already extant in the literature. The qualitative features of the predictions of this
theory permit us to charactexize defect structures and optical-phonon energies in III-V mixed-
crystal alloy diodes on Ga& /I+s, GaAs~, P„,and In1 „Gap'. This characterization indicates
that in ternary crystals whose binary components exhibit appreciable lattice mismatch, alloy
regrowth introduces numerous additional defects, and in some systems, like In& „Ga„P,even
the introduction of'high acceptor densities disorders the crystal lattice. Such defects cause pro-
nounced minima near zero bias in the tunnel conductance,

I. INTRODUCTION

After almost two decades of extensive studies of
tunneling in semiconductors, '2 in the past two
years a new concept has begun to emerge: that the
dominant mechanism of electron tunneling depends
explicitly on the potential-energy profile in the
junction (i.e. , the thickness and defect structure
of the junction and chemistry of the dopants). Three
distinct "ranges" of tunneling phenomena have been
identified in junctions on GaAs substrates. At
"high" substrate doping for either metal contacts
or pm diodes, the tunneling barrier acts like the
average one-electron potential, as is commonly
regarded to be the case. ' At a somewhat lower
substrate doping, the tunneling becomes "two-step"
in nature' with the carriers traversing the junction
by way of real intermediate states in the barrier. 8

Finally, at dopings sufficiently low that the "metal-
insulator" transition in the bulk semiconductor is
approached (n-n, in the notation of Alexander and
Holcomb ), the two-step mechanism merges into
an impurity-band conduction mechanism. ' It is
an interesting but untested hypothesis that the change
from two-step to average-barrier tunneling occurs
at the "impurity-band-free-electron" transition,
~=-n,&. This hypothesis is consistent with existing
data. '~'8' '4 If applied to the units described
herein it wouM imply l. 29&10 &p„&5.4&10 cm 3

for the free-hole-impurity-band critical concentra-
tion p,& in GaAs: Zn.

Still more recently' ~ a second new concept has

been proposed" . that resonant impurity-assisted
(i.e. , "two-step") elastic tunneling is accompanied
by characteristic manifestations in inelastic-tun-
neling channels (most notably associated with pho-
nons). Although it is too early to determine defin-
itively the fate of this proposal, it does describe
a relationship between zero-bias conductance mini-
ma and large forward-reverse-bias asymmetries
which have been observed in many p -n junc-
tions ' ' and metal-semiconductor con-

1,8,9,12,13,23-31

The purpose of this paper is the presentation of
a test of these two new concepts in GaAs tunnel
diodes, and their subsequent application to charac-
terize diodes in the III-V mixed-crystal compounds
GaAsg p„,Gag „A~s,slid Ing „Ga„P.Following a
discussion of experimental methods in Sec. II, we
present in Sec. III one test of the mcdel concepts
by virtue of a study of photosensitive tunneling in
GaAs p-g junctions and metal-semiconductor con-
tacts. Our main results in Sec. III are the demon-
strations that for Zn substrate dopings of p:-5.4
&10 cm predictions of the one-electron average-
barrier model adequately describe the data, where-
as for substrate dopings p:-1.3&& 10 cm the two-
step tunneling mechanism is both necessary and
sufficient to explain the wide variety of observa-
tions. %'8 do not examine substrates which are
sufficiently lightly doped (p 5 8&& 10" cm ') that im-
purity-band phenomena are expected to become
importa t."

Having documented in Sec. III the manifestations
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of various tunneling mechanisms, in Sec. IV we

apply this insight to characterize p-n junctions
fabricated from mixed-crystal systems (Ga& „Al„As,
GaAs& „P„,and Inq „Ga„P).Examining first the

elastic-tunneling current as an indication of the

defect structure in the junction, we find that as we

go from Ga, „Al„Asto In& „Ga„P,the increasing
lattice mismatch between the two compounds in the
mixed crystal (e.g. , GaAs and AlAs in Ga, „Al„As)
causes increasing concentrations of defects in the

junction region. Given comparable fabrication
methods, these defects make the construction of
"good" (i.e. , average-barrier) tunnel diodes pro-
gressively more difficult until in In& „Ga„Pthe im-
purity- (defect-) assisted current dominates the

diode characteristics at all values of the bias. In

Sec. IV we also apply the results of previous anal-
yses ' ' ' of phonon-induced electronic-self-energy
phenomeoa to measure optical-phonon energies as
a function of alloy composition in the mixed-crystal
diodes.

Finally in Sec. V we turn to an additional verifi-
cation of the "two-step" nature of tunneling in in-
termediate-doped semiconductors: the demonstra-
tion of the experimental realization of a predicted
relationship ' between the elastic- and phonon-
assisted-tunneling processes for situations in which
two-step" tunneling predominates. Using a new

theory' ' which simultaneously describes reso-
nant- and many-body-tunneling phenomena, a mod-

el of resonant tunneling through vibrating impurity
quasibound states in the junction is analyzed. The
resonant-elastic tunneling is a microscopic analog
of the semiempirical "two-step" tunneling mech-
anism. '7 The new prediction of the theory is the
existence of comparable effects in the electronic
proper self-energies. These in turn are mani-
fested as structure in the conductance at the im-
purity-local-mode or optical-phonon energies de-
pending on the properties of the host material and

the impurity. Such effects cause large (observed)
forward-reverse-bias asymmetries in the fine
structure in the tunnel characteristics at the ap-
propriate phonon energy. Therefore their obser-
vation in our experimental studies both confirms
the basic features of a new theory of tunneling,
and adds a further means of characterizing the
mechanisms of current flow in tunnel junctions.

Our conclusions are summarized in Sec. VI. In

brief, we feel that we have altered fundamental
ideas about the nature of tunneling in compound
semiconductor junctions. The conduction process
is determined by a competition between impurity-
assisted tunneling at low substrate dopings and

average-barrier tunneling at high doping. In par-
ticular, the dominant mechanism of current flow

near zero bias in moderately and lightly doped
units is resonant-elastic tunneling. Finally, the

extension of such ideas about the dependence of
both elastic- and inelastic-tunneling mechanisms
on the impurity concentration permits us to apply
tunneling as a technique for characterizing new

materials.
II. EXPERIMENTAL METHODS

The semiconductor crystals used in this work
(GaAs, Gaq „Al„As,GaAsq „P„,and In& „Ga„P)were
purchased or grown in our laboratory. The Zn-

doped and the semi-insulating GaAs substrate ma-
terial were obtained from the Monsanto Corp.
GaAs layers containing Au and Ge for electrical
and optical measurements, photoconductivity ex-
periments, and metal-semiconductor (MS) contact
fabrication were grown on GaAs substrates by
liquid-phase epitaxy from a melt of Au-Sb eutectic
containing a few percent Ge and saturated with GaAs

at the growth temperature of 600 'C. The sub-
strates were g type if Ohmic contacts to the entire
epitaxial layers were desired, as for MS contact
fabrication. They were semi-insulating for photo-
conductivity and Hall measurements. Standard
Hall and van der Pauw measurements were used to
determine dopings and mobilities.

The Ga& „Al„Assamples were grown on heavily
Zn-doped GaAs substrates by liquid-phase epitaxy
from a Zn-doped Ga melt saturated with GaAs at
the growth temperature of 800 C and with an ap-
propriate amount of Al to give the desired Al: Ga
ratio. During the growth cycle, as the Al in the
melt depleted, the Al: Ga ratio of the grown layer
steadily decreased. The thickness of the epitaxial
layers was about 70 p. . A range of Al content for
tunnel-diode fabrication was obtained by lapping and

polishing various pieces of the grown layer to dif-
ferent depths. The Al content was determined by
electron-microprobe analysis. The penetration
depth of the electron beam was about 1 LU. , so the
composition measured was that near the surface
where the tunnel junction was formed. The Zn

concentration was obtained from a Hall measure-
ment on a sample grown on a semi-insulating sub-
strate.

The GaAs& „P,crystals were grown by halogen-
vapor transport in sealed quartz ampoules. ' Some
of the crystals were doped with Zn during the growth
process, while the remainder were doped by Zn

diffusion of thin wafers in a sealed ampoule. The
lower P compositions, in the direct material, were
determined from the wavelength of recombination
radiation excited in the crystals. The higher P
compositions were determined from the relative
amounts of constituents placed in the growth am-
poule.

A modified Bridgman solution-growth technique
was used to grow the In& „Ga„Pcrystals. Some
crystals were grown from Zn doping, and others
were grown with Te doping and then were doped p-
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type by Zn diffusion. Doping levels were deter-
mined from Hall measurements. The Ga content
of the crystals was determined by electron-micro-
probe analysis.

Tunnel diodes were fabricated by an alloy re-
growth process carried out on a strip heater in a
hydrogen atmosphere. First, the polished p -type
crystal substrate was alloyed to a header. Then
an alloy dot containing the donor dopant (as well as
any other impurities desired, such as Au) was
placed on the substrate and the assembly was heated
until the alloy melted and dissolved a small portion
of the crystal. The system was then cooled rapidly,
producing an g-type regrown region and an abrupt
p-p junction. A thin Ni lead was connected to the
alloy dot and was soldered to the header lead.
Large area junctions in GaAs, GaAs& „P„,and
Ga, „Al„Aswere reduced in size in a NaOH elec-
trolytic etch until a size which produced a conve-
nient current level was reached. Capacitance
measurements were made on a variety of junctions,
and plots of 1/C vs V were linear, confirming that
abrupt junctions were obtained.

MS contacts were fabricated on a number of Au-
Ge-doped GaAs epitaxial layers, on both as-grown
and etched surfaces. The surfaces were outgassed
in vacuum at 400'C for 10 min prior to evaporation
of a thick Pb film through a mask. A thinner Au
film was then evaporated and served to protect the
Pb film against mechanical damage from pressure
contacts.

Electrical measurements on the p-n junctions
and MS contacts included recorder plots of the I-V
characteristics, dI/d V„and, where appropriate,
d I/d V . The derivatives were measured by super-
imposing a small ac signal on the dc bias and mea-
suring the components of current at the fundamental
and second-harmonic frequencies. These currents
are proportional to dI/d V and d I/dV, respectively.
While this procedure for measuring derivatives of
I-V characteristics is well known, the circuit used
incorporates some special features useful for this
set of experiments and is to be described else-
where. ' Of particular interest are the capability
for measurement in the negative resistance region
of p-n tunnel diodes and an arrangement for auto-
matic compensation for second-harmonic compo-
nents in the modulation signal.

The measurements were generally made with the
devices immersed in liquid helium at 4. 2 "K. Mea-
surements at other temperatures were made in a
variable-temperature cryostat. During measure-
ments on the Pb-GaAs contacts, provisions were
made to quench the superconductivity of the Pb con-
tact by applying a magnetic field.

The photoresponse of the GaAs (Zn: Au-Ge) tunnel
diodes and epitaxial Au-Ge-doped GaAs layers to
be described in Sec. III were measured by estab-

lishing the diode at the proper temperature, ap-
plying a particular bias, and measuring the response
to chopped nearly monochromatic light. The light
source was a Pek Labs 100-W mercury-arc lamp
whose output was chopped at 1-2 Hz and fed into a
Bausch 5, Lomb grating monochromator. One end
of a fiber light pipe was mounted on the monochro-
mator output and the other end was mounted in
close proximity to the device, resulting in efficient
transfer of the light signal to the device. The ac
component of the current was detected with a PAR
124 lock-in amplifier synchronized to the frequency
of the chopped light.

To detect any long-wavelength emission from the
GaAs (Zn: Au-Ge) tunnel diodes, a Ge: Hg detector
with a detectivity of -10'0 cm Hz'~ /W (4. 2 'K) at
8 p, was employed. The detector and its MOSFET
preamplifier were held at liquid-helium tempera-
ture along with the tunnel diode which was placed in
close proximity to the face of the detector. The
tunnel diode was biased at the voltage where maxi-
ma in photoexcited currents occur, and a 300-mV
(peak-to-peak) signal at 5-100 Hz was superim-
posed on the dc bias of the diodes so as to sweep
through the bias range of the inelastic current chan-
nel. The output of the detector preamplifier was
measured with a PAR 124 lock-in amplifier syn-
chronized in turn to the signal frequency and to
twice the signal frequency. As each cycle of the
modulation signal swept the voltage through the re-
gion of peak excess current twice, the light output
would be expected to occur at twice the signal fre-
quency. Measurements were taken before and after
the excitation of the excess-current channel.

Noise currents in tunnel diodes were measured
by placing a resistor in parallel with the diode to
make the net conductance positive (thus preventing
circuit oscillations), sweeping the diode bias slowly
with a high-impedance source, and coupling the
fluctuation currents into a simple low-impedance
low-noise grounded-base preamplifier similar to
one described by Copeland. ' The signal was am-
plified and measured using the PAR 124 as an aver-
age-reading wideband voltmeter, and the wideband
noise current was plotted on an XF recorder as a
function of junction bias. The spectral density of
the noise current at particular bias points was de-
termined by operating the PAR 124 as a tuned am-
plifier of fixed Q and measuring the signal at a
number of frequencies. The bandwidth at a center
frequency fo was then proportional to fo/Q. The
background noise level of the measuring system is
about 5&&10 A /Hz.

The results obtained by these various measure-
ments are described below.

III. TUNNELING IN Au-Ge ALLOY p-n 3UNCTIONS ON GaAs(Zn)

The central issue to which we direct our attention
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in this section is the determination of the tunneling
mechanism as a function of the doping of the (p-
type) substrate in GaAs p-n tunnel diodes. It has
been known for many years that quantitative com-
parisons of the predictions of the one-electron
average-barrier tunneling model with experimental
data led to the observation of much larger current
densities than predicted. ' Only in the past few
years has the model's predictions been shown to
quantitatively describe any data: thus far, the tunnel
characteristics of metal contacts on n-type Ge, "'
Si, and CdS. Consequently, our first task, ac-
complished in Sec. IIIA, is the verification that for
p-n diodes, as well as MS contacts, predictions
based on the average-barrier model quantitatively
describe the tunneling data for an appropriate range
of dopings (p-5x10 cm; n =1, 5x10 cm 3).
We quickly discovered, however, that p~ diodes
made using the same fabrication technique on more
lightly doped substrates [p = (1.3-2.4) x 10'9 cm 3]

did not yield tunnel characteristics in agreement
with the predictions of the average-barrier model
and, in addition, exhibited strongly photosensitive
characteristics. ' The photosensitivity of the
tunnel current provides a unique probe of the mech-
anisms of tunneling, a fact which we exploit in
Sec. III B to establish impurity-assisted tunneling,
both resonant and nonresonant, as the dominant
tunneling mechanisms in units made on these more
lightly doped substrates. In Sec. III C we note that
a prominent photosensitive impurity-assisted in-
elastic-tunneling process in these units also is
associated with a large noise current. In Sec. IIID
we relate our studies of p-g tunnel diodes to ones
of the characteristics of MS contacts and the bulk
properties of epitaxial layers of z-type GaAs: Au-Ge
of material comparable to that in the alloy regrowth
region of the p-n diodes. We conclude in Sec. IIIE
with a summary of our composite model of tunneling
in III-V semiconductors for use as a reference to
characterize new materials by means of tunneling
experiments.

A. Validity of One-Electron Theory. 'Tunneling in Heavily
Zn-Doped GaAs

The devices were fabricated as described in Sec.
II with a Au-Ge or Au-Sb eutectic doped with Ge
alloyed on highly polished Zn-doped GaAs sub-
strates, where for the heavily doped units p= 5.4
~ 10 9 cm and for the lightly doped units P = 1.3
&&10 cm . The I-V and C-V data were obtained
at 4. 2 K. According to the abrupt junction model
of a p-n diode, the capacitance in Gaussian units
satisfies

S,(p+&)
(eg ~g P~

In Eq. (1), n is the carrier concentration on the n

n(x+d„)',271 e -d„~x~ 0

=0 x& -d„.(2)

The widths of the p and n regions are represented
by d~ and d„,respectively. The quantity V~ is the
height of the average barrier for a tunneling elec-
tron.

The junction thicknesses d„and dp are derived
from the continuity of V(x) and 8 V/sx across the

,junction plane at x= 0:

Pd~+nd„=&(Vz -e V)/2ve, Pd~=nd„. (3)

Therefore from a knowledge of these n, p, and V~,
the barrier-penetration factor and the resulting
average-barrier current for nonzero temperature
can be calculated. ' 7

In the abrupt-junction model of a p-n tunneldiode,
the energy eV„for which 1/C2is zero, is the ba,r-
rier height. Extrapolations of our capacitance
measurements on the highly doped units (i.e. ,
p = 5.4x 10' cm ') indicate that e V, is less than the
band gap in GaAs, E, (i.e. , E, = l. 52 eV at
T= 4. 2 'K). This result is amply documented in the
literature. 8 It cannot be reconciled with the
abrupt-junction model of the diode by including the
effects of either mobile-carrier density or im-
purity-induced conduction- and valence -band shifts. '
The barrier height which is consistent with our
model satisfies

Vg =Eg+ $„+$p, (4)

the quantities $„and $~ are the Fermi degeneracies
on the n and p sides, respectively. '7

We have used Eqs. (1)-(4) to calculate the bar-
rier -penetration probability and the concomitant
current characteristics for nonzero temperature
according to standard te chniques. Comparison
of the one-electron theory of the average-barrier

side, A is the junction area, E is the dielectric
constant of GaAs (i.e. , e = 13), and e is the elec-
tronic char ge. We have assumed that all acceptors
and donors are ionized [i.e. , the donor (acceptor)
concentration N, (N, ) =n (p) j. The carrier concen-
trations of the n, -type regrown regions were obtained
from the slope of the 1/C -vs-V plot while junction
areas were obtained from direct optical measure-
ments.

The average-barrier tunneling current was cal-
culated using the effective-mass approximation and
assuming the bands on the two sides of the junction
to be continuous across the n-p interface. The
potential energy of the electrons in this model is
given by the following equation47:

V(x) = V, -e V, g &dp

2778
P(x-d~) +Vs -eV, 0~ x~ d~
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GaAs:(Zn) —Au+ Sb + 2 lait. /o Ge flow mechanisms in these units.
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Zn -5.4 x1019/cm~
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tunneling current with the experimental current of
heavily Zn-doped units is shown in Fig. 1(a), and
the comparison with the lightly doped units is shown
in Fig. 1(b). In the heavily doped units, there is
adequate agreement in the voltage positions of the
maxima as well as in the magnitudes of the experi-
mentally measured and theoretically calculated
currents. The corresponding currents in the lightly
doped units, on the other hand, differ in the voltage
positions of their maxima; the most marked feature
of Fig. 1(b), however, is the extreme discrepancy
in the magnitudes of the theoretical and experimen-
tal currents. The only other recent fit to one-elec-
tron theory that has been applied with all of the
model parameters determined independently on the
same unit has been that of MS contacts on Ge.
Here, to within the uncertainties noted following
Eq. (3), we have verified the validity of the one-
electron theory for heavily Zn-doped GaAs tunnel
diodes fabricated with special n-type alloys (i.e. ,
Au-Ge or Au-Sb-Ge), and discounted its validity
for the lightly doped diodes which are prepared in
the same way. In the remainder of Sec. III, we
examine the photosensitivity of the lightly doped
units in order to determine the dominant current-

FIG. 1. Comparison between experimentally measured
I-V and calculated one-electron average-barrier tunnel-
ing I-V at 4. 2'K. (a) IIeavily doped (Zn-5. 4x10 Bcm" )
GaAs(Zn: Au-Ge} tunnel diode, with good agreement be-
tween theory and experiment. (b) Lightly doped (Zn- l. 3
x10 ~ cm, } Gahs(Zn; Au-Ge} tunnel diode showing poor
agreement between theory and experiment. The doping of
the e-type alloy regrowth region and the magnitude of
the built-in voltage were determined from capacitance
measurements to be n =1.5x10 Bcm", V&=1.42 eV and
n=6x10 cm, V~=1.51eV in the two units, respectively.
Their areas were determined visually to be 0. 13x10 4

and 0. Sx 10 4 cm, respectively.

O 7
q) E

JunctIon Bias
(100 mV/diy)

V

FIG. 2. I-V curve-tracer plot at 77'K of a Gahs(Zn:
Au-Ge) tunnel diode. The lower trace is obtained in the
dark. The upper trace is obtained after saturation of
changes in characteristics with the radiation output of a
tungsten lamp.

Having shown that the average-barrier tunneling
model fails to predict the magnitude of observed
currents in lightly Zn-doped units, we investigate
o her possible tunneling mechanisms in these units.
A variety of mechanisms of tunneling have been
proposed for the "humps" in the valley current and
excess tunneling current, "but only average-barrier
tunneling has been assumed for the low-bias
range. "' From studies of photosensitive GaAs
tunnel diodes, we eliminate average -barrier
tunneling as the dominant current mechanism and
attribute the zero-bias conductance minima to
resonant-elastic tunneling through impurity or de-
fect-trap states in the barrier.

The junction-fabrication technique has already
been described. The n-type alloys were those
grown with Au-Ge eutectics. A Au-Ge complex is
thought to be responsible for the photosensitive ef-
fects observed in the lightly doped diodes because
it is only the combined presence of Au and Ge in an
e-type alloy system that produces the effect. The
GaAs substrates investigated showing strong photo-
sensitivity were Zn doped in the range ox'10' ~ p
~ 2.4&10 cm

The curve-tracer plot shown in Fig. 2 shows a
typical I-V characteristic at VV 'K. The lower trace
is the I-V characteristic before any excitation, and
the upper trace is the E-t/ characteristic after ex-
citation. This excitation can be accomplished with
either light of a particular wavelength or bias above
0.5 V. Once the diode has been excited, it retains
its excited I-V characteristic at 4. 2'K for periods
as long Bs several hours. Figure 3 shows the VV 'K
current response, at 260-mV bias, to chopped
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FIG. 3. Photoresponse of a GaAs(Zn:Au-Ge) tunnel
diode at 77 K biased at 260 mV, to various wavelengths
of chopped radiation.

upon excitation, and for tunneling through an aver-
age barrier one would predict an increase in both
f(V =0) and G(0) for a decrease in the average-
barrier width. Thus average-barrier tunneling can
be eliminated as the dominant current-carrying
mechanism for small values of the bias. This ob-
servation is consistent with the fact that average-
barrier tunneling calculations do not give, even
within an order of magnitude, the currents observed
in lightly doped units.

Another significant feature of the G-V data shown
in Fig. 4 is the increase with increasing excitation of
the width and depth of the conductance minimum near
zero bias. This behavior is important in eliminating
the numerous earlier interpretations of zero-bias
conductance minima ' '; such effects cannot be
accounted for by the density-of-states models
or by inelastic-tunneling models. ~' The density-of-
states models are incompatible with the data since
the various transport parameters of both the sub-

radiation of various wavelengths. These data indi-
cate a photoactivation energy of the Au-Ge center
of E, =1.36 eV. From the thermal decay of the
photoexcited excess current we find a thermal de-
activation energy of (140+ 20) meV for the Au-Ge
complex to revert back to its unexcited condition.

Because the bias at which the excess photosensi-
tive current occurs lies in the negative resistance
region of the I-V characteristic, we interpret this
current to be a tunneling phenomenon. A line-
shape analysis ' indicated this to be an inelastic-
tunneling process rather than a space-charge ef-
fect' ' or resonant-elasti. c tunneling. " The ex-
citation energy of the inelastic-tunneling mechanism
was found to be E,„,= (150+ 10) meV. As this is
an energy-loss mechanism associated with the ex-
citation of an excited state in the barrier, the pos-
sibility of radiative relaxation of this excitation
exists. We searched the long-wavelength region
of the spectrum with a Ge: Hg detector (held at
4. 2 K) and did not detect any emission. Conse-
quently the inelastic-tunneling excited state is as-
sumed to be nonradiative.

In Fig. 4 we show I-V and 6-V data taken at
4. 2 Kin a typical lightly doped GaAs (Zn: Au-Ge)
tunnel diode. A striking aspect of these data is
the large photosensitive zero-bias conductance
minimum. Also shown in Fig. 4 is the linear rela-
tionship between the decrease in the zero-bias con-
ductance and the increase in the inelastic current
at 260 meV as the junction is more heavily excited
(i.e. , as more Au-Ge defects are activated). This
illustrates how the inelastic current is "turned on"
while the zero-bias conductance is "turned off." This
decrease in the conductance at zero bias cannot be
explained as a space-charge effect. The capaci-
tance of these diodes increases (by several percent)

I I I I I

GaAs(2. 4x10 Zn)-Au+Sb+2 wt. /o Ge

a
E

2

CDc 0

g 100
E
E

O

o 4o I I I

0 0.8 1.6
Change in 260 mV Diode Current, QI (mA)

O

o $0

0

CDa
O

0

100 200
Junction Bias ( rnV )

I

300

FIG. 4. I-V and 6-V characteristics at 4. 2 K of a
GaAs(Zn:Au-Ge) tunnel diode. The various curves in
each panel indicate the characteristics for increasing
levels of photoexcitation with the unexcited characteristics
being denoted by 1. The inset shows the relation between
the reduction in conductance at zero bias and the increase
in current at a bias of 260 mV (after Duke et a/. , Ref. 9).
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strate GaAs and the epitaxial grown layers, Au-Ge

doped, are light insensitive. ' The inelastic-tun-
neling models predict a constant value of G(V = 0)
and a light-independent width of the conductance
minimum. Hence their relevance to the p-g tunnel-
ing data where both the width of the minimum and

G(0) depend on the photoexcitation cannot be estab-
lished. Therefore, we argue that upon excitation
the Au-Ge impurity supplies states near the Fermi
energy in the barrier and that resonant-elastic
tunneling via these states causes the zero-bias
conductance minimum.

The I(V) and G(V) characteristics shown in Fig.
4 can be interpreted in terms of elastic- and in-
elastic-tunneling currents. For elastic tunneling
we recall the three types of tunneling mechanisms:
(i) average-barrier tunneling, (ii) nonresonant
impurity-assisted tunneling, ' and (iii) resonant
impurity-assisted tunneling. '6 As we have elimi-
nated the average-barrier tunneling as a possible
mechanism, we restrict our model to the impurity-
assisted tunneling processes. The resonant-elastic
tunneling also can be described as a, "two-step"
process in which a tunneling electron hops onto
a trap in the ba, rrier and then hops off as it tunnels
on through the barrier. Finally, the mechanism to
which we attribute the photosensitive current is a
change in the charge state of the Au-Ge complex
induced by the incident photon. ' ' If we assume,
as seems most likely, that the complex is on the
n-type side of the junction, this reaction can be
expressed as

Au +hp Au +q, (5)

r I' = - (~n)l', (V) + ~nI', (V),

&I'= &nI (V), (6b)

in which I$(V) is the normalized resonant-elastic
current form factor and I2(V) is the normalized in-

where the "Au" symbolizes the Au-Ge trap and the
photon energy is - l. 36 eV (the photoexcitation en-
ergy of the tray).

Our model of the low-bias tunneling involves
three types of processes. In their "unexcited"
charge state, n "Au" complexes support a non-
resonant impurity-assisted elastic current l-=nPz(V).
In their "photoexcited" states they cause resonant
states to occur near zero bias which lead to con-
ductance minima near zero bias with the line shape~
LG'2(V) ~ I Vl at zero temperature for small I Vl .
Inelastic tunneling via excitation of a transition
(probably electronic) in the photoexcited state is
thought ' to be responsible for the extra current for
V 150 meV. Thus if the photons cause &e "Au"
complexes to alter their charge state, the photo-
induced changes in the total elastic (I') and inelastic
(I') currents are given by

elastic-current form factor. As Gz=dl2/dV=O
at V = 0, Egs. (2) predict the linear relation be-
tween —&G'(V=O) and &I'(V&150 meV) shown in
Fig. 4. The conductance dec~ease at V=O is at-
tributed to the decrease in the number of complexes
in the initial state. In the photoexcited state they
cause resonant-elastic tunneling and inelastic tun-
neling. Both of these effects cause conductance in-
creases for I Vl &0.

Summarizing, by the use of unique features of
the photosensitivity of the tunnel characteristics
we eliminated average-barrier tunneling as the
major tunneling mechanism in the lightly doped
GaAs (Zn: Au-Ge) and argue that the dominant tun-
neling mechanism is impurity-assisted tunneling
(both elastic and inelastic) for these units. We
interpret the tunneling at low bias to be a combina-
tion of resonant and nonresonant elastic-impurity-
assisted-tunneling mechanisms. The lar ge photo-
stimulated peak in the current near 250 meV at
forward bias is identified with an inelastic-tunneling
process.

C. Bias-Dependent Noise Currents

As might be suspected, ' the noise generated in
a junction is closely connected with the tunneling
mechanisms that are operative. For the diodes of
this work it can be associated directly with impuri-
ty-assisted tunneling. Bias-dependent photosensi-
tive excess-noise currents are detected in lightly
doped tunnel diodes only when the Au-Ge impurity
is used in the n -type alloy. This impurity in turn
leads to noise currents associated with inelastic
impurity-assisted tunneling.

ln Fig. 5(a) we display both the I Vcharacteris--
tic and the noise current of a photosensitive diode
fabricated on a moderately doped p-type substrate
with an z-type alloy containing Au-Ge. Two major
points illustrated by this figure are (a) the bias-
dependent excess-noise current, and (b) the photo-
sensitivity of the excess-noise current. The exis-
tence of this noise current indicates a random pop-
ulating and depopulating of traps in the barrier as
its origin. ' Furthermore, it is only with the ap-
plication of sufficient bias that the states responsi-
ble for the noise become available for tunneling
and to generate noise. The photosensitivity allows
us to identify the excess-noise current directly
with the Au-Ge-induced inelastic-tunneling mecha-
nism d.escribed above.

Studies of the dependence of the excess-noise
currents on temperature, substrate doping, and
n-type junction alloys have been performed. For
diodes leading to results comparable to those shown
in Fig. 5(a), we find that at room temperature and
77 'K the excess-noise currents are no longer de-
tectable. We also find that for otherwise similar
diodes fabricated on heavily doped p -type substrates
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the tunnel diode of Fig. 5(a). This noise current
can be described by the expression'

where A =3&& 10 "A jHz and 7 = 0. 27 msec for this
particular diode. Such a form of the spectral den-
sity is relevant for a noise current which consists
of a series of random events with time dependence
r(t) ~ e ' ', where r is the decay time of the current
fluctuation. This form of time dependence is con-
sistent with a model incorporating real intermediate
states of the electron at impurities in the barrier.

D. Correlation of Tunneling Mechanisms with Studies of
Au-Ge-Doped GaAs Epitaxial Layers
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the noise currents remain bias dependent but are
no longer photosensitive. Furthermore, if the n-

type alloy system, e. g. , Sn or Au-Sn, does not
contain Au-Ge impurities, then no appreciable ex-
cess-noise currents are detectable for either the
lightly or the heavily doped substrates.

Finally, we show in Fig. 5(b) the noise spectrum
of the excess-noise current at a bias of 295 mV for

FIG. 5. (a) I-V and rms noise current vs bias at 4.2'K
for a GaAs(Zn:Au-Ge) tunnel diode. The dashed curves
are obtained in the dark. The solid curves are obtained
after saturation of changes in the characteristics with

the radiation output of a tungsten lamp. The background
noise has been subtracted out quadratically from the total
noise current. (b) Spectral density ((I2)/Df ) vs frequency
of the noise peak at 295 mV in the solid curve of (a). The
solid curve is a fit of Eq. (7) to the data.

A central question concerning the results re-
ported in Secs. III A-C concerns their universality.
Are they general characteristics of tunneling in
III-V semiconductors or peculiar features of p-n
tunnel diodes in GaAs (Zn: Au-Ge)? In this section
we examine the extent to which these results are
peculiar to the alloy-regrowth p-n diode configura-
tion. In particular we study "intrinsic" properties
of layers of the Gahs: Au-Ge n-type materials'
and those of metal contacts on these layers. In

particular, for MS contacts on epitaxial layers of
GaAs, grown from a melt doped with Au-Ge and
saturated with GaAs, we observe photosensitivity
in the conductance about zero bias. This allows
us to confirm our model of resonant-elastic tunnel-
ing via photosensitive states in both MS contacts
and tunnel diodes. From luminescence studies we
find ' that the recombination processes in these
epitaxial layers are dominated by nonradiative re-
combination through traps in the forbidden gap.
The existence of one such trap in these layers is
identified by impurity photoconduction, as described
below.

As described in Sec. II, to grow the Au-Ge-doped,
GaAs layers, a melt of Au-Sb eutectic plus a few
percent Ge is saturated with GaAs at the growth
temperature and is placed in contact with a GaAs
substrate. Au-Ge -doped GaAs epitaxial layers are
grown during the cool-down cycle. Thicknesses of
a few microns to a few mils can be grown depending
upon the cool-down cycle and the temperature range
employed. Carrier concentrations and mobilities
are determined on van der Pauw samples. ' The
measurements yield carrier concentrations of
(4-5)x 10' cm ' and Hall mobilities of -600
cm y'V sec. These mobilities are relatively low,
which is probably due to both doping with Au-Ge
and to the amphoteric nature of Ge. %'e mention
that this is the only report of the liquid epitaxial
growth of degenerate n-type GaAs doped with Ge."

To correlate the tunneling mechanisms in tunnel
diodes (as discussed in Sec. III 8) with tunneling in
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FIG. 6. 6-V characteristics at 4. 2'K of Pb contacts
on GaAs formed by solution growth of GaAs{Au-Ge) from
Au-Sb+2% Ge. The solid curves indiate the character-
istics before excitation and the dashed curves those after
saturation with the radiation output of a Hg lamp, The
insets show the Pb superconducting-gap structure prior
to its quenching by a magnetic field [after Duke et al. ,
Ref. 9).

MS contacts, we prepared metal contacts on Au-Ge-
doped epitaxial GaAs layers. Both as-grown and
etched surfaces of these layers were degassed in
high vacuum at 400 'C as a pre-evaporation pro-
cedure. The evaporation of a Pb film as the metal
contact to the semiconductor was followed by the
evaporation of a Au film to serve as a protective
coating on the Pb. The conductance characteristics
for such a unit are shown in Fig. 6. A satisfactory
Pb super conducting ener gy-gap characteristic,
shown in the insets, indicates that an appreciable
fraction of the current is due to tunneling. The in-
variance of G(V =0) to the excitation is evident as
is the increase in the apparent "width" of the min-
imum upon photoexcitation. The gap characteristic
appears slightly less satisfactory after the excita-
tion, but the change in the cusp structure near the
LO-phonon energy (a "self-energy" -type struc-
ture) '" ""is not discernible. Therefore the
characteristics of the MS contact appear most com-
patible with a model in which for I Vl & 0 most of the
current flows via nonresonant elastic tunneling
(perhaps through an average barrier). A small
amount of additional resonant (or "two-step") elas-
tic tunneling occurs via trap states in the barrier,
as observed by Cullen ' in the context of zero-
bias conductance minima in tunnel junctions on p-
type silicon. We conclude that the photoexcitation
activates trap states near the Fermi energy in both
p-n tunnel diodes and MS contacts. The zero-bias
conductance minima in these units are associated
with resonant ("two-step") tunneling via these states
and not with any of the mechanisms to which similar
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FIG. 7. Photoresponse of a GaAs photoresistor, formed
by solution growth of Gahs{Au-Ge) from Au-Sb+2/o Ge,
to various wavelengths of chopped radiation at 77'K and
100-mV bias.

minima, have been attributed in the literature. '9 ~
To study further the traps in these Au-Ge-doped

GaAs epitaxial layers, photoconductive samples
were prepared from layers grown on semi-insulating
substrates. The response of the yhotoconductive
samples at 77 K to various wavelengths of radiation
is shown in Fig. 7. The most important aspect of
these data is that impurity photoconduction occurs
for h p & E,. It is expected that for a degenerate z-
type sample the photoconductive process involves
the excitation of an electron from the Au-Ge im-
purity state to the Fermi level in the conduction
band. From Fig. 7 we obtain an excitation energy
of (1.36+0.015) eV for the impurity complex and
1.52 eV for the fundamental absorption. From
these energies we estimate the position of the im-
purity state as (160+ 15) meV above the valence-
band edge. This indicates that the same trap occurs
in both the grown layers and the p-n tunnel junc-
tions.

Finally, concerning the universality of the ob-
served phenomena, we note that photosensitive ef-
fects similar to those shown in Fig. 6 have been
observed in GaAs: Zn p-z tunnel diodes in which
Sb-Ge rather than Au-Ge is the tray-inducing im-
purity in the n-type alloy-regrowth region. Al-
though no large increase in the current near 250-
mV forward bias was observed, the zero-bias con-
ductance remained constant while the conductance
around zero bias increased upon excitation. These
results and those described above suggest that
whereas the occurrence of the large photosensitive
inelastic channel is peculiar to p-g tunnel diodes
containing the Au-Ge "impurity" complex, the oc-
currence of zero-bias conductance minima asso-
ciated with resonant-elastic tunneling via trap
states is a general feature of all types of tunnel
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FIG. 8. Qualtative features of the effects upon the I-V
and G-V characteristics of various tunneling mechanisms.
(a) I-V dependence of the inelastic impurity-assisted
tunneling with excitation energy E,~. (b) Total I-V due

to elastic and inelastic components of tunneling. (c) G-V
curves due to nonresonant elastic (G~) tunneling and tun-

neling through an average barrier (G &). The solid
curves would be obtained before any excitation and the
dashed curves would be expected after excitation. (d)
G-V curves due to resonant-elastic (G2) tunneling with

and without excitation. (e) Effects upon G-V due to both

resonant-elastic and nonresonant-elastic tunneling with

and without excitation.

junctions on moderately doped (p ~3x10' cm )
Zn-doped GaAs substrates.

E. Summary of Qualitative Features of I-V and G-V

Characteristics and Tunneling Mechanisms

In subsequent sections we utilize the insight about
tunneling mechanisms gained in this section and in

the literature on phonon-induced tunneling phenom-
ena ' ' ' ' to infer from the tunneling char-
acteristics qualitative information about the defect
structure and local-mode or optical-phonon spec-
trum of semiconductor tunnel diodes. Our central
result is the documentation of a relationship between
substrate doping and tunneling mechanisms. We

a»eady have seen (Sec. IIIA) that the one-electron
average-barrier model adequately describes only
data from heavily doped substrates (the occurrence
of dopant -fluctuation phenomena ' notwithstand-
ing). At lower dopings (Secs. II 8 and D), p&3x10~~
cm for Zn-doped GaAs, (other levels for other
dopants and substrates) various types of im-
purity-assisted tunneling dominate the low-tem-
perature "tunneling" characteristics of semicon-
ductor diodes. The impurity-assisted elastic-tun-
neling mechanisms and an electronic inelastic
mechanism have been described above. Phonon-
induced impurity-assisted mechanisms will be
described in Sec. V. However, we already have at
our disposal enough information to proceed with
our qualitative junction-characterization program.
As an aid in this program, we review in Fig. 8 those
features of the I-Y and G-V curves characteristic
of the individual and composite tunneling mecha-
nisms required in the interpretation of the data
shown in Figs. 2, 4, and 6.

In Fig. 8(a) we illustrate the inelastic-impurity-
assisted-tunneling mechanism with an associated
excitation energy E,„,with E,„,= (150 + 10) meV for
the photosensitive diodes of this work. The total
current due to both elastic and inelastic tunneling
is shown in Fig. 8(b).

In Fig. 8(c) we compare the impurity-assisted
nonresonant and average-barrier elastic currents,
where G& describes the former and G', , the latter.
We also show the expected changes in the conduc-
tances due to photoezcitation. In Fig. 8(d) the
resonant-elastic tunneling conductance is shown
both before and after excitation. Finally, in Fig.
8(e) we indicate the combined effects of nonreso-
nant- and resonant-impurity-assisted-elastic tun-
neling upon the conductance both before and after
excitation. In constructing this figure we assume
the existence of resonant- and nonresonant-elastic
channels to be mutually exclusive. If the excitation
predominately opens new resonance channels,
G(V = 0) will be unaffected by the excitation process
and the line shapes change as shown in Fig. 6.

Figure 8 provides a convenient "dictionary" of
phenomena for our use in Sec. IV to characterize
junctions in new ternary mixed-crystal semicon-
ductor compounds.

IV. USE OF TUNNELING TO CHARACTERIZE III-V
SEMICONDUCTOR ALLOYS

Having shown that the Au-Ge impurity system in
GaAs tunnel diodes introduces states near the
Fermi level that give rise to large photosensitive
zero-bias conductance minima, we would expect
that similar states in the barrier from any other
source would produce similar effects. Of particular
interest is the possibility that in mixed-crystal
systems with lattice mismatch, defects introduced
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during crystal synthesis or device fabrication be-
cause of the mixmatch may cause characteristic
manifestations in the tunneling characteristics.

e alloys Ga& „Al„As,'" GaAs& „P„,' ' an

In& „Ga„P'' are important materials in the con-
struction of electroluminescent devices. Therefore
the characterization of the defect structure and its
dependence upon synthesis and fabrication conditions

is a necessary task. We present in this section
data on P-n tunnel junctions in Gaq „Al„As,
GaAs, „P„,and In& „Ga„Pwhich indicate that tran-
sient crystal-growth conditions in a mismatched
alloy system introduce a high probability for the
formation of defects (improvements in the process-
ing techniques of these materials might reduce the
number of defects and the concomitant two-step
tunneling) .

We also present data, that illustrate the influence
of phonons on the tunneling electrons and provide
information about the lattice vibrational spectra of
these alloys. The data confirm earlier optical
measurements of the phonon spectra in Ga, jQ„As"
and QaAs, ,P„'' and confirm theoretical predic-
tions of the phonon-mode structure in Inq „Ga„P.

In a preliminary report we showed the tunneling
characteristics of an Ino 63Gao 37P p-n junction
formed by alloying an In+ Te dot on a Zn-doped
substrate; those data are reproduced here in Fig.
9 for convenience. The I-V characteristic is that
of a backward diode with excess current in the for-
ward direction preventing the appearance of a nega-
tive resistance region. The existence of tunneling
as the predominant current-flow mechanism is in-
ferred from the temperature independence between
4. 2 and 77 ' K of the I-V characteristic, except for
the fine structure, and from the zero-bias conduc-
tance minimum and the LO-phonon fine structure
which are observed. Such structure is observed in
the diodes described above in Sec. III and in other
III-V p-n tunnel diodes in which tunneling is unequiv-
ocally indicated by the existence of a negative re-
sistance region. "

The pronounced zero-bias conductance minimum
is attributed to resonant-elastic tunneling through
states in the barrier introduced by the formation
of structural defects in the crystal. The lattice
constants of InP and GaP are approximately ' 5.869
and7' 5.451 A, respectively. With such a degree of
lattice mismatch the transient-junction growth pro-
cess described in Sec. II can be expected to yield
badly strained regions and dislocations in the junc-
tion, a fact we have been able to confirm directly
on liquid-phase-epitaxial (LPE) layers of similar
material. ' These defects produce excess currents
in forward bias for Y ~ 100 mV via impurity-assisted
tunneling7 '7 and cause the zero-bias conductance
dip as indicated above.

Another factor which appears to affect adversely
the crystal quality is a high concentration of Zn
impurities. In& „Ga„Pcrystals heavily diffused with
Zn are found to have reduced mobilities and when
optically excited are extremely weak in photolumi-
nescence. Both observations indicate the presence
of a high concentration of nonradiative recombina-
tion centers. The details of the defect-producing
mechanism are not understood. Because of the
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FIG. 10. I-V, dI/dV, and dI/dV2 characteristics of a
Gap 8Alp. 2As(Zn: Sn) tunnel diode at 4.2'K.

large lattice mismatch in Inq „Ga„P,however, it is
plausible that the further disorder introduced by
substituting Zn in the In-Ga sublattice can give rise
to lattice defects. These effects have been mini-
mized in electroluminescent diodes by reducing the
Zn concentration, but this is not possible in tunnel
junctions because of the necessity of maintaining a
high Zn concentration to produce a narrow tunneling
barrier. It has not been possible to fabricate
In, „Ga„Ptunnel diodes with negative-resistance re-

gions.
The tunneling characteristics, shown in Fig. 10,

of a GRO, Alo pAs tunnel diode with a Sn donor dopant
contrast sharply with the Ino 63Gao 37P diode char-
acteristics. The I-V characteristic in Fig. 10 ex-
hibits a good negative-resistance region with a
peak-to-valley ratio of 4.3:1. In addition, the con-
ductance curve is nearly smooth at zero bias, in-
dicating a small amount of resonant-elastic tunnel-
ing. The near-perfect lattice match between GaAs
(5. 653 A)" and A1As (5.662 A) ' permits the fabri-
cation of tunnel diodes with few structural defects
caused by lattice mismatch. Correspondingly less
tunneling current is stimulated by defect states in
the barrier.

The alloy GRAsz „P,presents an example of a
system with an "intermediate" lattice mismatch
(GaP: 5.451 A)" in which the effects of defect for-
mation during junction regrowth are less severe
than in In& „Ga„Pbut yet are quite noticeable. Tun-
neling characteristics of R GRAsp 5Po g diode made
using a Sn+ Te alloy are shown in Fig. 11. As with
the Inp 63GRO 37P diode shown in Fig. 9, excess cur-
rent at forward bias & 100 mV prevents a negative-
resistance region from appearing in the I-V char-
acteristic. The highest P content that allowed
fabrication of a diode with a negative resistance
region was x = 0.45.

The modest magnitude of the conductance dip at
zero bias indicates the diminished importance of
resonant-elastic tunneling relative to that observed
in In&,GR„P. This appears to result from the better
lattice match as well as the fact that the substrate
doping does not disturb the sublattice of varying
composition.

The difficulty which we experienced in making
alloyed p-g tunnel diodes in Inq „Ga„Pand GRAs&, P„
corresponds to other problems encountered in
making devices in mismatched alloy systems. For
example, Alfeov et al. ' and Craford et al. ob-
served high densities of nonradiative recombination
centers in GaAs/GaAs~ „P„heterojnnctions which
adversely affect luminescent properties of the junc-
tions. In the work presented here, the rapidly
changing junction-growth conditions cause a sharp
compositional change in the z-type side of the junc-
tion. This fact has the consequence that the lattice
mismatch becomes a source of high defect density.

The data in Figs. 9-11 indicate that tunneling
provides a means for studying the lattice vibrational
spectra of mixed crystals. The phonon line shape
in Fig. 9 at 44. 6 meV shows the existence of a sin-
gle optical-phonon mode in this diode. As previous-
ly reported, ' this single-mode behavior persists
in In& „Ga„Pfor the complete composition range
0 x 1, as shown in Fig. 12. The phonon energy
varys nearly linearly with composition from 42. 5
meV in InP to 49. 5 meV in GaP. This observation
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dependence upon x of the energies of the two modes
near k=0 is shown in Fig. 12. These data are in
reasonable agreement with the optical data men-
tioned above and with predictions of Chang and
Mitra ' based on a "modified random-element
isodisplacement" model. The model predicts the
existence of the two modes and gives the composi-
tion dependence of the optical-phonon-mode fre-
quencies.

Similar behavior of the I 0-phonon modes near
k = 0 is observed in GaAs~ „P„,with two modes
easily seen in the d'I/dV curve in Fig. 11. As ex-
pected, the strength of the higher-energy mode in-
creases with increasing P content. The composi-
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confirms the prediction of I ucovsky et al. based74

on their calculation of local-mode frequencies of
dilute impurities in crystals, that In& „Ga„Pshould
have a single observable optical-phonon mode near
k= 0.

The ID-phonon-mode structure in Gao SA10 2As
2 2is more complicated, as is evident from the d I/dV

characteristic in Fig. 10. The higher-energy mode
at 45 meV becomes steadily more pronounced as the
Al content is increased. Two-mode behavior is
observed by Ilegems and Pearson in optical ex-71

periments over the compositional range for 0.08
~ x~ 0.82 and in this work for 0.03» x 0. 20. The
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FIG. 12. Top panel: optical-phonon energies in In~~Ga„P
as a function of composition x, showing single-mode
behavior. The line is a linear fit to the data. Center pan-
el: optical-phonos energies in Ga&„/1~As as a function of
composition x, showing the existence of two LO-phonon m
modes. The lines follow the prediction of Chang and
Mitral Qef. 80). Lower Panel: optical-phonon energies
in GaAs& „P~as a function of composition x. Two-mode
behavior is evident for all x. The energy dependence of
the upper mode drawn is calculated by Uerleur and
Barker (Ref. 72). The line through the low-mode data is
a linear fit.
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tional dependence of the phonon energies is shown
in Fig. 12 and is in agreement with data from re-
flectivity ' ' and transmittance measurements of
the number and energy of LO-phonon modes near
k= 0. A number of computational models satisfac-
torily explain the observed spectra.

We mention that all experimental phonon energies
were corrected for series resistance in the diodes.
The energies are identified with bias values at
points of maximum slope in the d I/d V~ curves,
corresponding to the center of cusplike structures
in the conductance associated with electronic-self-
energy effects" "as corrected for strong polar
coupling. Duke and co-workers have predicted
the dI/dV and d2I/dV line shapes expected due to
both bulk ' and local-mode ' ' electron-phonon
coupling in MS contacts. In the case of deforma-
tion-potential coupling to optical phonons in Si:B,
both the calculated ' and observed ' structures
in heavily doped units are cuspliiM features in df/dV
at e t/ —+ ScoLp which are antisymmetric about zero
bias. The structures observed in our diodes are
similar except that they are symmetric about zero
bias. This symmetry is characteristic of all the
P-n tunnel diodes which we have examined. It sug-
gests the predominance of unscreened polar coupling
of the electrons to impurities in the space-charge
region. ""' Similar structure is observed in
metal contacts on p-type GaAs and lightly doped' '
Si:B as well as in GaAs p-n tunnel diodes. '

The existence of one- or two-phonon modes in
mixed crystals is thought to be dictated by the im-
purity-mode behavior in the crystal in the limits
x=0 or 1. ' Specifically, in order for two-mode
behavior to appear over the compositional range,
in the limit of low concentration (x - 0 in Ga& „Al„As
and GaAs, „P,) the light constituent must have a
local vibration mode above the optical-phonon band
in the host crystal. In the x- 1 limit, the heavy
constituent must give rise to a gap mode in the
light host crystal. e These conditions are satisfied
in Gaq „Al„Asand GaAsq „P„,and two-mode behavior
is observed. Neither condition, however, is satis-
fied in In& „Ga,P, and single-mode behavior is ob-
served over the complete compositional range.

A general observation concerning the phonon line
shapes is the increasing sharpness of the line shape
as the lattice match improves from In& „Ga„Pto
GaAs, „P„to Ga, „Al„As.While it is difficult to
describe this trend quantitatively, the suggestion
that clustering of like atoms in a mismatched sys-
tem tends to occur would explain some amount of
broadening through local compositional inhomo-
geneity. Such clustering inevitably occurs for some
ternary crystals (e.g. , GaAs, „P„orIn, „Ga„P)
during the alloying of the junction even if the sub-
strate does not exhibit any inhomogeneity.

Summarizing, the important points of this discus-

sion are that transient growth conditions in mis-
matched III-V semiconductor alloys (and presum-
ably other crystal systems) introduce a high prob-
ability for the creation of crystal defects, and that
these defects are detectable in tunneling experi-
ments. Such transient conditions are present during
the preparation of alloyed tunnel diodes and during
LPE growth of crystal layers in a cool-down growth
cycle. ' We have presented data showing that
resonant-elastic tunneling occurs through such de-
fect states and gives rise to pronounced zero-bias
conductance minima. The tunneling data also yield
information on the number and energies of the k=0
LO-phonon modes in the III-V alloys studied. Thus
we conclude that tunneling provides a useful tech-
nique for the characterization and study of these
mixed -crystal systems.

V. IMPURITY-ASSISTED TUNNELING: THEORY

In previous sections we both documented the
dominance of resonant-impurity-assisted -tunneling
processes in junctions on "moderately" doped sub-
str ates and utilized their qualitative manifestations
to characterize junctions in III-V mixed-crystal
alloys. Having demonstrated the importance of
these processes in laboratory semiconductor diodes,
we investigate three questions. What is the rela-
tionship between the microscopic concept of reso-
nant-elastic tunneling "and the kinetic concept of
"two-step" tunneling? ' Given that resonant-tun-
neling processes are important in the elastic tun-
neling channels, what are their concomitant conse-
quences in the inelastic channels? . Finally, and
perhaps of most importance, to what extent can the
observed manifestations of resonant-tunneling phe-
nomena be used to characterize the position, elec-
tronic, and vibronic structure of the defect which
is responsible for the resonance?

In this section we develop insight into these ques-
tions by analyzing the model of a vibrating 5-poten-
tial impurity within the context of a new theory of
tunneling ' ' ' which, unlike the transfer-Hamil-
tonian theory, ' simultaneously describes both reso-
nant and inelastic phenomena. In Sec. VA we re-
view the final expression for the current predicted
by the theory for this model. The model's descrip-
tion of zero-bias conductance minima by means of
resonant-elastic tunneling is outlined in Sec. V B,
as is the relation between microscopic "resonant-
elastic" tunneling and kinetic "two-step" tunneling.
In Sec. VC we note the features of nonresonant-
inelastic tunneling and their (satisfactory) compar-
ison with experimental data characterizing units on
heavily doped substrates. Our major results are
presented in Sec. VD: the derivation of the relation
between resonant-elastic and resonant-inelastic
tunneling and the documentation that the manifesta-
tions of this relation are evident in the tunnel char-
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is evaluated by using the analytic continuation tech-
nique proposed by Meiman and Duke ss, e5 The pre-
dictions of the transfer-Hamiltonian method'~ "
can be recovered by appropriate expansions of the
extended-basis -function results.

For our purposes here, we merely examine the
form of the extended-basis-function predictions for
a model of static 5-function impurities, U(r —R)
= —Ue5(r —R), vibrating at a given local-mode fre-
quency coo, i.e. ,

R(t)= R(0)+u cos(u, t,

FIG. 13. Schematic M-0-S junction with an attractive
impurity potential U(x). In the text, UQ) = Up&(x d), so
that the impurity potential is completely localized at
x =d. Tz, (Tz) is the probability for transmission of an

electron from the impurity site to the left (right) elec-
trode. In the drawing, Tl. = T~, so that the impurity
potential is resonant.

acteristics of a wide variety of semiconductor di-
odes, including some of those described above in
Secs. III and IV.

A. Predictions of Extended-Basis-Function Theory

The essential theoretical difficulty with which the
data presented in Secs. III and T confront us is
simply stated: No single theory of tunneling devel-
oped to date is adequate to describe both resonant
tunneling and inelastic tunneling. One-electron
average-barrier models have been employed for
years to give qualitative descriptions of resonant-
elastic-tunneling processes. ' ' Similarily, the
transfer-Hamiltonian method, in both its momen-
tum-representation ' and configuration-represen-
tation "~ versions, has been applied to describe
yhonon effects in tunneling. The latter method can-
not adequately describe resonance effects due to
its use of the tunneling probability as a (small) ex-
pansion parameter. ' The former method has been
extended to include phonon-assisted tunneling via
coupled-channel analyses. ' ' However, no ex-
plicit consideration of resonance processes has been

given using the multichannel-s cattering -theory
methods. They also exhibit certain difficulties in
treating the Pauli exclusion-principle restrictions
on the electrons in a consistent fashion. ' The re-
sults presented below are based on the extended-
basis-function method of evaluating tunneling cur-
rents'7 8' in which current-carrying eigenstates
of the entire junction are used as basis states for a
perturbation-theory analysis of electron-impurity,
electron-phonon, and electron-electron interactions.
The consequences of all of these interactions first
are evaluated for an equilibrium system (i.e. , at
zero bias) using conventional techniques. ' Then,
the nonequilibrium current induced by a finite bias

of the impurities. Ne further consider the impuri-
ties to be periodically arrayed in a plane located at
x= 4 parallel to the junction and the impurities are
allowed to vibrate with frequency ~o only in the x
direction. The syatial and energy conventions are
illustrated in Fig. 13. The current resulting from
this model is given, in the weak-electron-phonon-
coupling limit, by the following expression

1+00

j(gg) =— dE[ f(E) —f(E+eV)]
2 iS) (E, g, )i

~0 2r'

x[1+2G&(E, k„)ZI(E)—Ga(E, k„)z,(E)],
(8a)

(8b)f(E)—(1+ e ts-cg ))-1

P=- gT . (8c)

z(E) = z, (E)+z„(E),
d OilZ~(E)-=A, e del a itIt~(&, k„,d)i

go

f(&) + N(k(ue) f(e) +N(- g(ue)

+A0+i' E —& 5~0+~

(10a)

(lob)

In Eqs. (8a) and (8b), E is the total energy of the
tunneling electron, we have assumed k, conserva-
tion (i.e. , neglected umklapp from the impurities),
y is Boltzmann's constant, T is the temperature,
and )I, is the Fermi degeneracy of the left electrode,
as illustrated in Fig. 13. Also, I Sq2I is the bar-
rier-penetration probability, and the quantities G~

and G, (Zq and Ze) are the real and imaginary parts,
respectively, of the retarded one-electron coordi-
nate-space Green's function (self-energy) evaluated
at the position of the plane of impurities. Both the
Green's functions and self-energies are sums of
two terms representing the contributions from the
basis states that carry current from left to right
and vice versa:

+ 40 2

Ga(d d k E)= ~ d
I g~(&, k~„d)I

0
+0

I ps(e, k„,d)i'
( )d& E —E+ j6



ANDREWS, KORB, HOLONYAK, JR. , DUKE, AND KLEIMAN

f~ oO dk
zg(E) —= AOP

~

A
(2 )2 1.PR(e, k„,d)

"Q, -fg-8V

Iv(x) =- (e'" —1)-',

r
f(c+eV)+N(IK ~) f(a~ eV)' +N( I,-))
E —& +AMp+ g5 E —6 —A(dp+ j5

(IOc)

(11)

The quantities v& and vl. are the velocities of parti-
cles in the right and left electrodes, respectively,
and V(d) is the value of the average-barrier poten-
tial at the position of the 5-potential impurity.

In order to simplify the calculation of the reso-
nant-elastic current characteristics, we note that
for a sharp resonance,

Aoo = y'Ivo'p, mr/»~~0 (12) =-vc(E, E„).
+ &WKa

(18)

(13a.)

E„-=E -e'u, ', /2m,

y„'„,=-(2e'/m)[V(d) -E„JI'
Iwxs = 4' [(Tl. /Tz) +(T„/Tr)' ' JTr.T~,

Ko —= —
mUp /0

E„=V(d) —U m/2h-

(13b)

(14)

(15a)

(15b)

(18)

(17)

As illustrated in Fig. 13, &~ is the Fermi degener-
acy of the right electrode .The quantities (t)z and

(1)R are, respectively, the left and right current-
carrying extended-basis functions of total energy
& and parallel momentum k, which are evaluated
at x=d. These wave functions are normalized to a
6 function in energy and are mutually orthogonal.
The quantity App is a coupling constant in which y

is the strength of the vibrating 5 function, Rp is the
number of vibrating impurities per unit area, p, is
the cutoff momentum for phonons propagating in the
x direction, 0 is the volume of a primitive cell in
the host crystal, and M is the mass of an ion.

Upon examining the expression for the current in

Eq. (8a), we see that the first term in square
brackets gives rise to the ordinary one-electron
tunneling current. The terms which involve Z& and

Z2, are, respectively, the reactive and dissipative
contributions to the current. They have been as-
sumed to be small relative to unity in deriving Eq.
(8a) so that a denominator could be expanded. '8 We

now turn to an examination of these terms individ-
ually.

B. Relation between Zero-Bias Anomalies and Resonant-Elastic
Tunneling

In this section, we examine the effect of resonant-
impurity potentials upon the one-electron tunneling
current. The condition that an attractive potential
in the barrier of a tunnel junctions at x = d produces
a resonance in the barrier-penetration probability
) S&ej is that T» the tunneling probability from the
impurity site to the left electrode, must equal T~,
the corresponding probability of tunneling to the

right electrode, as illustrated in Fig. 13. In the
WKB limit, the barrier-penetration probability is
approximately given by'

The approximation in Eq. (18) allows us to deter-
mine the qualitative effects of resonances upon the
tunneling characteristics. Inserting Eqs. (13a),
(13b), and (18) into Eq. (8a) yields an expression
for the elastic current in which it is written as the
sum of a background term Jp and a resonant term
J„:
J(e V) = Jo(e V) +J„(eV),

g

zo(e v) =
q@ I dE

)

dE
1
sq21

c~ ev 0p

(19a)

(19b)

K~„(V)-=—„,dE ' 1&0,(E„)1'e(E„)9(E -E„),
J q~„~y WKB

(19c)

g( )
1, x&0
0, x&0 (19d)

Two features of Eqs. (19) are important. First,
the resonance contribution to the current occurs if
the resonance energy E„(eV) lies in a certain energy
range. The second important feature of Eqs. (19)
is their prediction that the bia, s dependence of E„(eV)
and of the integration limits dominate the behavior
of J„(eV)and its derivative G„=-d(J„)/d(eV). In dis-
playing the consequences of these limits, we find it
convenient to regard E = d(E„)/d(eV) as an indepen-
dent parameter describing the motion of the reso-
nance state with bias. For this purpose we write

&„=&p+Ret/', 0~ R ~ —1

Ep=&r. —~
~

(2Oa)

(20b)

where Zp is the position of the resonance energy at
zero bias with respect to the bottom of the left elec-
trode's band (the semiconductor in a MS contact and
the n-side in a p-n tunnel diode).

The elastic conductance which results from em-
ploying Eqs. (19) and (20) are illustrated schemati-
cally in Figs. 14 and 15. The zero-bias anomalies
(ZBA) in the conductance G=-dJ/d(eV) which occur
in resonant-elastic tunneling are shown for the cases
that R = —z, and R = 0, —1, respectively. We can
interpret these structures by examining Eq. (19c).
The step function indicates that current flows in
the resonant-elastic channel when either f& E„
& t;z —e V (forward bias, in the convention of Fig.
13) or r~ eV&E„&("-,~ (reverse bias). This thresh-
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FIG. 14, Resonant-elastic conductance schematically
illustrated for 8=-dE„/d(eV)=- 2 (i. e. , E„is the reso-
nance energy). Ep is the resonance energy at zero bias
(i. e. , E„=Ep+ReV)and &—= KJ. -Ep in the conventions of
Fig. 13. In {a), Ep &KI. and in (b), Ep &51.. Therefore,
the resonant-elastic channel opens in (a) [closes in (b)]
when leVI&2 t4I. The schematic tunnel junctions in
the figure illustrate the switch concept. The black dot
represents the resonance energy and the cross hatching
indicates the range of energies for which resonant tun-
neling can occur (after Kleiman, Ref. 18).

(b) 0'&L
=0

I&I eV& 0 eV&0 ev&o

in bias with the left Fermi level) and 6 & 0, reso-
nant-elastic tunneling occurs only in reverse bias.
The threshold for this process is eV= &. By an
analogous argument, for E = —1 (i.e. , the resonance
energy moves with the right Fermi level) and 4 & 0,
resonant-elastic tunneling occurs only in forward
bias with a threshold e V = —&. A complete set of
results for R = 0, —1 and both signs of ~ is given
in Fig. 15.

Figures 14 and 15 provide a conceptual frame-
work for interpreting a wide variety of threshold
(especially "zero-bias ") phenomena. For example,
the simple cusp structure shown in Fig. 8(d), i.e. ,
G'"CC

I Vl, results from a uniform distribution in
energy of states with R:——3 and 4& 0. Several
empirical models have been used to predict such
distributions in metal-insulator -metal junc-
tions. ' '~'8 Similarily, as we see from Egs. (13),
(15), and (19) that for sharp resonances, (Z„h'/t;l, e)- (&o@/g~e)', resonance states with 0. 3 & —6 & 0. 5
eV and R =0 provide a microscopic alternative to
Parker and Mead's kinetic-theory interpretation of
their data. ~ Furthermore, we see from Fig. 13
that some qualitative information about the position
in the junction of the resonant-trap state can be in-

old behavior may be regarded as a "switch effect":
The resonance is an extra tunneling channel, or
"window" in the barrier, since I S»I ~ = 1 when
E,=E„.Therefore, tunneling electrons with total
energy E &E„willalways be able to see the window
(since 0& E, & E). The resonance acts like a
"switch": Vfhen one of the Fermi levels passes
above the resonance, electrons in states with E &E„
are able to tunnel through the resonance, and the
resonant-elastic channel is opened. If, at zero
bias, the resonance energy is above the Fermi level
(4 &0), resonant-elastic tunneling appears only when
either the right or left Fermi levels pass above the
resonance energy. In this case, the conductance
exhibits a minimum near zero bias. If, on the other
hand, &&0, resonant-elastic tunneling occurs at
zero bias. However, when either the right or left
Fermi level passes below the resonance energy the
resonant-elastic channel is closed for additional
electrons to tunnel through. In this case, the con-
ductance exhibits a maximum near zero bias. %e
conclude that, if 8 =0 (i.e. , the resonance moves

(c) Eo
—

I

G
&i' Eo
R=a

I

eV 0 -I~I eV &0 ev&0
I

l~l eV&0

FIG. 15. Schematic illustration of the resonant-elas-
tic conductance as a function of R =dE„/d(eV) (i. e. , E„
is the resonance energy of the impurity potential). Ep
is the resonance energy at zero bias (i. e. , E„=Ep+ReV)
and 4 = KJ. -Ep in the conventions of Fig. 13. In (a) and
{c), R =- 1 [i.e. , the resonance energy moves with the
right (metal) Fermi level]. The resonant-elastic channel
opens when either Fermi level passes above the resonance
energy. In (a) and (c), the resonant-elastic channel is
open only in forward bias, while in (b) and (d), it is open
only in reverse bias (after Kleiman, Ref. 18).
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ferred from the value of A extracted from the data.
Thus for the rather symmetric zero-bias conduc-
tance minima which occur in some of our units the

trap states occur near the "electronic" center of a
junction defined by d[Y(do)] /d(e V) = —z. (This
would be the geometrical center for only a square-
barrier junction. ) Similarly, in the case of Parker
and Mead's metal contacts on CdTe, we infer that
the trap states lie near the edge of the space-charge
region in the CdTe. Finally, itseems possible that
some of ourunits and manyof those reportedon in the
literature ' ' ' "are characterized by I &I =0,
A = —1; i.e. , trap states near the metal electrode
in MS contacts and metal-insulator-semiconductor
junctions and near the edge of the p-type space-
charge region in p-n tunnel diodes. Obviously, in
all real junctions the distributions in both positions
and energy of the trap states smear out the ideal
characteristics noted in Figs. 14 and 15.

Applying the idea that the left and right nonreso-
nant self-energies move rigidly with the left and
right Fermi levels, respectively, we draw the
simple picture shown in Fig. 16 which describes
the effect of the self-energies upon the conductance.
When d=0, Z&'»ZR so the self-energy contribution
from Z~' dominates. In this case, we obtain the
line shape in Fig. 16(a), i.e. , the upward (down-
ward) cusp in reverse (forward) bias in the incre-
mental conductance involving Z&'. We designate
this incremental conductance by the symbol G&'.

The incremental conductance deriving from the
current contribution involving Z&' we denote by G, .

If d = b, Z&'» Z&', so that the contribution from
Z"„'dominates. We see a downward cusp in reverse
bias and an upward one in forward bias, as in the
schematic line shape for Gq' in Fig. 16(c).

In the intermediate case, d= 2 b,

C. Nonresonant Inelastic Tunneling

As described by Davis and Duke, "the nonreso-
nant impurity-mediated contributions to the elec-
tronic self-energy, given by Egs. (10), do not differ
in form from those due to electron-phonon interac-
tions in the bulk electrode. A calculation of the
nonresonant phonon-induced contributions to the
conductance in the case of our 5-potential-impurity
model also has been given by Davis" using a cou-
pled-channel method. The results obtained from
Egs. (6)-(20) are similar to his in form, but not
identical in detail.

In Egs. (10), the nonresonant impurity-assisted
contribution to the self-energy, Z", occurs when
the spectral densities I g„(e,k„,d) I of the basis
states at the impurity position exhibit no sharp
maxima associated with quasibound "trap" states
on the impurities. In this case we deduce the volt-
age dependence of the conductance directly from the
analytic structure of Z" as described, in some de-
tail, by Davis and Duke. ' We find that ReZ" ex-
hibits logarithmic divergence (cusps) and ImZ" ex-
hibits steps. These cusps and steps correspond to
thresholds for emission or absorption of a phonon

by an electron. Such threshold structure occurs at
E= fz, +Suo in Z&' and E= &1. —eV+Acuo in Zz. There-
fore we regard the phonon thresholds in ZL,

' and Z~'

as rigidly attached to the left and right Fermi
levels, respectively. We consider the self-energies
for three different impurity positions: (i) d = 0 (i.e. ,
the impurity is near the left (semiconductor) elec-
trode), for which Zz,'» Z R'; (ii) d = ~ h (i.e. , the
impurity is midway between the electrodes), for
which

He(Z,"(g, —8 V)) = —He(Z",'(&, ));
(iii) d= 5 [i.e. , the impurity is near the right
(metal) electrode], for which Z~ » Z~'.

Therefore, the logarithmic cusps in Re(Zf) and

Re(ZR') approximately cancel one another. This
cancellation has the effect that little or no structure
appears in G f', as shown in Fig. 16(b).

Typical experimental conductance line shapes
measured in metal-oxide highly degenerate semi-
conductor junctions [e.g. , Si/Si02/Pb(in) junctions

nf
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h cu&

p

(a) d =0

nr
I
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2

v
I

(b) 6 = b/7

Gi ! G2

R Qjp

—,v
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(c) d = b

FIG. 16. Schematic dependence of the incremental
conductance on the position of a nonresonant impurity po-
tential. (a) d=-0 (i.e. , the impurity is near the left
electrode in the schematic tunnel junction of Fig. 13);
~1,'»~g ~ (b) d=2b; thus, IaeZz, [ = )ReZz ) and the con-
tributions from the real parts of the left and right self-
energies cancel in G& . (c) d=b; Zz»ZI. , due to the
symmetric structure in ImZ, G2' exhibits the same struc-
ture in Figs. 15(a)—(c) (after Kleiman, Ref. 18).
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with N~ = 10~ cm ' "] exhibit characteristic up-
ward cusps in forward bias and downward cusps in
reverse bias which are approximately equal in size.
However, from the analysis outlined above we see
that the symmetry of the phonon-induced fine struc-
ture in the conductance depends upon the impurity's
position. An impurity which is near the left (semi-
conductor) electrode in an MS contact produces
phonon line shapes predicted by Davis and Duke
i.e. , thephonon structuretakestheform of acusp up
(down) in reverse (forward) bias when we choose
the voltage conventions illustrated in Fig. 14. If,
on the other hand, an impurity is near the right
(metal) electrode, the symmetry of the phonon line-
shapes is reversed; i.e. , a cusp down (up) in re-
verse (forward) bias.

Most experimental line shapesso, i~, ~9-m display
phonon line shapes which are much larger in forward
than in reverse bias. This asymmetry usually is
associated with zero-bias anomalies. Consequently,
these line shapes do not exhibit the features pre-
dicted by the nonresonant impurity model. In order
to explore one mechanism which can cause such
asymmetries, we examine the effect upon the cur-
rent characteristics of the assumption that the im-
purity ion's potential produces a resonance in the
transmission.

D. Resonant-Impurity-Assisted-Inelastic Tunneling

The contribution to the current from resonant-
inelastic tunneling [i.e. , the last two terms in Eil.
(8a)] contains the product of I &,a I and the self-en-
ergy defined in Eqs. (10). Both the barrier-pene-
tration factor, I Sq2l approximately given by Eqs.
(13), and the intermediate-state extended-basis
functions in the self-energy contain resonant denom-
inators. The resonance in the self-energy has the
consequence that only electrons of total energy
E & E„~k~o,where coo is the phonon frequency, ex-
hibit appreciable probability of inelastically emitting
or absorbing a phonon. Therefore, the total con-
tribution from resonant-inelastic tunneling to the
current contains both the elastic resonance in I S»i
and the inelastic resonances in Z"', the resonant
self -energy. Therefore the resonant-inelastic con-
tribution to the current (and conductance) in Eq.
(8a) exhibits phonon-induced fine structure only in
those signs of the bias in which the resonant-elastic
channel already is open; i.e. , asymmetries in the
phonon line shapes are accompanied by zero-bias
anomalies.

When a 5-function-impurity potential is inserted
inside the barrier, as shown in Fig. 14, the abso-
lute value of the extended-basis functions satisfies

I g';(E, k„,d)I
l)1)i(z» klli d)l =

I 1 0i G&(d

Z(Z) = Z"'(Z) + Z'-(E)
Zres(z) Zris Zones(z)

(22a)

(22b)

The quantity Z"' is the nonresonant self-energy dis-
cussed in Sec. VC. The resonant self-energy Z'",
which contains both left (Zi,") and right (Z)a ) parts,
results from inserting the 6-function term in Eq.
(21) into E)ls. (6b) and (8c).' ' '

%hen the resonance energy E„moves below the
Fermi level (i.e. , rzin Zz, ,

"and Ka -e V in Zs"),
large threshold structure appears at energy equal
to —S~o below the Fermi level. Thus, as in the
case of resonant-elastic tunneling we can regard
the resonance as a switch. When the resonance
energy passes the Fermi level it either opens (if it
is moving below) or closes (if it is moving above) a
'window" for electrons to pass through.

The total conductance, derived from Egs. (8),
contains three dominant contributions, '

G = = Ga(e V) + G»(e V) + G„,(e V) .dd(e V)
deV (23)

The quantities Go and G„are, respectively, the
resonant-elastic conductance described in Sec. VB
and the nonresonant -inelastic conductance described
in Sec. V C. The resonant-inelastic conductance
G, at T = O, js defjned by

ddpga(e V) (24a)res d(e V)

+(2[Gi(zi ~ll) —Gi(zi kll)

+ U,
~
Gg(d, d, k „,E)

~

a] Z,"'(Z)

[Ga(zi kll) Ga(zi ~ ll)]Za~ (E)]' (24b)

Quantities with superscript zero correspond to the
average barrier in the absence of impurities. The
resonant-inelastic conductance G„,is illustrated
schematically in Fig. 17. The quantities I'~ and ER
in Fig. 17 are the "strengths" of Zz,

"and Za",
respectively; that is, F,, &F„if I ga, (E„)l& I )'„(E„)I.
The behavior of G, can be understood in a simple
fashion by applying our concept of the resonance as

-=))', )z, a„,d))'() r ' &)z.-E,)) .
~%KB

(21)
In Eq. (21), the symbol )P represents the extended-
basis function of the average-barrier potential in
the absence of the impurity, and we have used the
"sharp-resonance approximation" [Eg. (18)] to
write the second line. Inserting Eq. (21) into the
definition of the self-energy in Eqs. (10) yields the
result that the self-energy now has two parts, one
nonresonant and one resonant:



ANDREWS, KQ RB, HQLQN YAK, JR. , DU KE, AND KLE IMAN

dEr
d(eV) ~=-&L Eo

eV&0

Gres

Eo CL

R = —
I

a~FR& FL

n~+jz J
~

0
I

FL& FR

-xw + )a)0
I

eV &0

~Gres

Eo'&L
R =0

BV&0

(c) Gres
&L'Eo
R= —

l

(d)
F f'es

R

( &Eo
R=0

FR & F„/

FL & FR
———

m, -Jaf
I

eV&0 eV &0

!

FR'F

-h~, -[af0
I

BV&0 eV&0

a switch. From Eq. (24b), we see that the reso-
nant-inelastic conductance contains the convolution
of the resonant parts of both IS»j and Z. It is the
resonant portion of I S&zl which produces the switch
behavior in the resonant conductance of Eq. (19).
Both the elastic switch in l S~2i and the inelastic
switch in Z'" must be open for the conductance G„,
to exhibit structure due to inelastic processes.
Therefore, phonon-induced fine structure in G„,
appears only when the resonant-elastic channel is
already open. The consequences of this result are
displayed in Fig. 17.

From Fig. 17 we see that resonant-impurity-
assisted-inelastic tunneling for A = —1 predicts
large enhancements of the "forward"-bias cusp
structure at the phonon energies. Precisely this
phenomenon is observed in an enormous variety of
semiconductor junctions. ' ' ' %'e observe
it in the data shown in Figs. 4, 5, 9, 10, and 11.
A mild asymmetry of this kind is predicted by bulk
electron-phonon coupling which is abruptly termi-
nated at the edge of the semiconductor in a metal-
insulator junction. " However, the predicted bulk

FIG. 17. Schematic illustration of the resonant-inelastic
conductance. I'~ and I'& are the strengths of the left and

right resonant self-energies, respectively. Upon compar-
ing Fig. 17 with Fig. 15, we see that resonant-inelastic
tunneling occurs. Thus, in Figs. 17(a) and (c), phonon

structure appears in forward bias alone, while in Figs.
17(b) and (d), phonon structure appears in reverse bias
alone. The schematic tunnel junctions in the figure illus-
trate the switch concept. The black dot represents the

resonance energy and the cross hatching indicates the
range of energies for which resonant tunneling can occur
(eter Kleim~, B.ef. 18).

effect is small, and certainly cannot describe the
large asymmetry in the photosensitive inelastic
channel described in Sec. III. Therefore the asym-
metry in the inelastic line shape as well as the
zero-bias conductance minimum observed in our
GaAs: Zn, Au-Ge p-n junctions leads to the identifi-
cation of resonant trap-assisted tunneling as the
new "channel" cut on by the photoexcitation of the
Au-Ge complex.

A final instructive example is that described by
Schein and Compton ' who reported characteristic
phonon line shapes on metal-oxide p- and n-type
silicon junctions. They found that P impurities
which were diffused into Si:B samples always pro-
duced larger phonon structure in the sign of the bias
in which the semiconductor majority carriers tunnel
Ii. e. , when the p implanation resulted in a p(n)-type
substrate, the large structure occurred in forward
(reverse) bias, in the conventions of Fig. 13.] The
phonon asymmetry was invariably accompanied by
ZBA.

%e can apply the qualitative static and dynamic
resonant 5-function models developed in Secs. VB
and VD, respectively, to interpret this phonon
asymmetry. The model predicts dominance of the
phonon cusp structure for majority-carrier injec-
tion into the metal if 8 —= dlV(d)/d(e V)I = —1, where
V(x) is the average-barrier potential, and d is the
resonant-impurity position. Also, if —

z
~ A ~ —1,

it predicts zero-bias conductance minima if Eo, the
zero-bias resonance energy of Eqs. (20), is greater
than the semiconductor Fermi degeneracy g~. An

additional requirement for compatibility of Fig. 17
with Schein and Compton's experiment is that EL,
must be greater than FR (i. e. , the "strength" of the
left-resonant self-energy must be greater than that
of the right). In order to make a microscopic identi-
fication of our model with experiment, we must de-
termine both d and R from the average-barrier po-
tential. In order for resonant-trap states to affect
the tunneling characteristics, not only must T& = T„,
but also the resonance energy must be low enough
for tunneling charge carriers to "see" the reso-
nance: This immediately eliminates shallow impuri-
ties as possible sources of the resonances near zero
bias. Deep traps at the semiconductor oxide inter-
fact in a typical metal-oxide semiconductor junction,
however, can be resonant. Surface states at this
interface are known to provide attractive potentials
for the majority carriers if strong depletion regions
exist in the semiconductor prior to the oxide inter-
face. Charge accumulation in these potentials also
would require 8:——1 by forcing most of the applied-
voltage drop across the semiconductor depletion
region. Finally a slight detuning of the traps from
exact resonance easily can occur and force El, & E~
(i.e. , Tz & T~). Finally, as Schein and Compton's
units also exhibited ZBA (conductance minima), we
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have all of the ingredients for an interpretation of
their observed LO™phonon line shapes as being
caused by resonant-inelastic tunneling via trap
states, possibly surface states, in the semicon-
ductor electrode but near the oxide interface. Con-
cerning their local-mode-phonon line shapes, how-

ever, Schein and Compton suggest that the observa-
tion only of majority-carrier-dopant local modes
implicates charged dopant impurities at the semi-
conductor edge of the space-charge region. This
would be inconsistent with the R = —1 requirement
in our model. However, the observation of only
majority-carrier-dopant local modes also could be

a consequence of impurity segregation at the oxide
interface during the rather brutal fabrication of the

junctions.
Vl. SYNOPSIS

The thrust of the studies reported in this paper
is the documentation and application of the concept
that the physical mechanisms of electron tunneling
in a given junction depend upon the potential-energy
profile (i.e. , dopant and defect distributions) in that
junction. Perhaps surprisingly, we find that in the
case of good junctions, resonant- ("two-step") tun-

neling processes predominate for thicker junctions
and not in thin ones for which dopant fluctuation
phenomena initially were anticipated to be signifi-
cant. ~4 ~ In the thinner junctions on heavily doped
substrates, the average-barrier model seems to
describe the measurements quite adequately.

We have documented the occurrence of a change
in tunneling mechanism as a function of substrate
doping by studying Au-Ge alloy diodes on GaAs: Zn

substrates (Sec. III). For /=5. 4&&10'9 cm '
(n = 1& 10" cm ') the average-barrier model de-
scribes the data quite well. However, for p =1.3
&& 10" cm '

(n = 6&& 10"cm '), the average-barrier
model predictions fail to describe the data and, in
addition, the tunnel characteristics become photo-
sensitive. Our examination of the photosensitive
phenomena has led to the interpretation that essen-
tially all of the current in these diodes is "assisted"
by Au-Ge complexes which upon photoexcitation be-
come trap states causing both resonant-elastic and

resonant-inelastic tunneling. This interpretation
is buttressed by the development of a new theory
of both phenomena 7' ' whose results have been out-
lined in Sec. V for the case of a. simple model. In

Sec. V the theory has been applied to describe such
phenomena in a variety of tunnel junctions, thereby
permitting us to extend the insight obtained for our
study of GaAs (Zn: Au-Ge) to the characterization of
other systems. Such a. characterization of defect

structure and phonon dispersion in III-V mixed-
crystal alloy diodes (Gaq „Al„As,GaAsq „P„,and

In, „Ga„P)has been described in Sec. IV.
This work has led to two substantial changes in

our perspective about tunneling in semiconductors.
First, the long-standing discrepancy' between the
experimental measurements of the tunnel chara, c-
teristics in p-n diodes and predictions of the one-
electron average-barrier models of these diodes
has been resolved. All of the early studies' led to
this discrepancy because they were performed on
units which either were too lightly doped or con-
tained too many defects for average-barrier tunnel-
ing to be the dominant current-flow mechanism.
Indeed, those units on which low-temperature
(4. 2 K) measurements have been available all show
the zero-bias conductance minima and highly asym-
metric optical-phonon-induced fine structure which
signal the occurrence of resonant impurity-assisted
tunneling. Second, our studies of III-V mixed-
crystal alloy diodes have provided a key insight into
the effect of lattice-mismatch defects on the char-
acteristics of junctions. We have established that
alloy regrowth on mixed crystals whose components
exhibit substantial lattice mismatch (e. g. , In~ „Ga„P)
upsets the "ordered" crystal lattices in mixed
crystals thereby leading to numerous defects.
These defects in turn cause resonant tunneling to
dominate the current chara. cteristics of tunnel di-
odes, and in the case of light-emitting diodes reduce
the efficiency. Thus, in retrospect, the lack of
success over the years on the part of various groups
(including our own) in fabri. cating good tunnel and
light-emitting diodes using certain mixed-crystal
alloys not only can be understood, but by the selec-
tion of suitable crystal systems and adjustment of
the junction fabrication techniques often can be
mitigated or eliminated.
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