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A model of space-charge generation by phonon ionization of neutral donors in the n-type GaAs
layer of the “Hickmott” tunnel device is presented. Various features associated with the periodic
structures in the junction conductance, such as peak narrowing in magnetic fields attributed to mag-
netoimpurity resonance, are explained in terms of one-dimensional LO-phonon emission and ioniza-
tion rate. The high-temperature data in the experiment of Lu, Tsui, and Cox on In-InP contacts is
interpreted in terms of carrier capture by ionized impurities with LO-phonon emission, which is the
inverse mechanism of LO-phonon ionization. Theoretical results compare well with the experi-

ment.

I. INTRODUCTION

The observation of conductance oscillations in the
presence of magnetic fields in GaAs-Al,Ga,;_, As-GaAs
tunnel structures by Hickmott et al.!~ has been the sub-
ject of controversial interpretations during the last few
years.*~!! The remarkable feature of this anomalous
effect is the persistence of oscillations over multiple volt-
age periods with the period corresponding to the GaAs
LO-phonon energy fiw;,. Early experiments in metal-
insulator-semiconductor (MIS) tunnel structures have al-
ready shown that similar oscillatory effects occur in the
absence of magnetic fields.'>!3 Cavenett demonstrated
that the conductance oscillations arise from the resis-
tance modulation of the lightly doped semiconducting
layer due to the electron-phonon interaction and are
enhanced in tunnel structures where the semiconductor
resistance is increased with respect to the barrier im-
pedance.!* Recent experiments performed on MIS struc-
tures have confirmed the generality of the oscillatory be-
havior®~1° even above nitrogen temperature.!* It is thus
widely accepted that oscillations are related to LO-
phonon emission in the lightly doped GaAs buffer layer
of the semiconductor-insulator-semiconductor (SIS) tun-
nel structure. The various interpretations which have
been published to account for this effect differ, however,
with respect to the specific mechanisms which relate the
LO-phonon emission to the conductance oscillations.
The following mechanisms have been proposed: ballistic
transport,' space-charge generation by phonon ionization
of neutral donors,* charge modulation by slow magneto-
polaron formation in high magnetic fields,>’ impedance
variation by impact ionization of neutral impurities,?~'°
and self-energy correction to the final density of states
arising from electron-phonon interaction.!! Measure-
ments of the temperature dependence of the oscillation
amplitude'® as well as recent experiments using far-
infrared spectroscopy strongly suggest an ionization
mechanism as responsible for the oscillations.'®

In some early communications, we interpreted the
current oscillations as due more specifically to a space-
charge generation by phonon ionization of neutral donors
in the GaAs buffer layer.* Because of the continuity of
the electric field across the Al, Ga,_, As-GaAs interface,
the space-charge mechanism modifies the electrical state
of the undepleted GaAs layer and induces voltage varia-
tions across the Al,Ga;_, As tunnel barrier (feedback®)
which produces periodic current structures when a new
sequence of phonon emission is possible, i.e., for
eVs=Mtw, o where V; is the gate voltage. In a set of
repeated experiments, Eaves and collaborators confirmed
the existence of oscillations in the absence of magnetic
field, as previously observed in MIS structures,!® and at-
tributed the magnetic field dependence of the oscillation
amplitude to the impedance variation of the undepleted
GaAs layer caused by increasing magnetic freezeout.
They showed, however, that unlike Hickmott’s picture of
total freezeout of the buffer layer’*!! a substantial
space-charge depletion region exists underneath the tun-
nel barrier in high magnetic fields. They interpreted the
oscillations as caused by an impedance modulation due to
impact ionization of neutral donors by energetic electrons
injected from the tunnel barrier into the undepleted n-
type GaAs buffer layer.8~!%!>!7 The amplitude enhance-
ment and the narrowing of the periodic conductance
peak observed around 5 T seems to indicate a magne-
toimpurity resonance (MIR) effect which occurs with im-
pact ionization when the separation between Landau lev-
els corresponds to the donor ionization energy.!” This
MIR effect is questionable, however, because one would
also observe additional conductance structures, periodic
in the magnetic field, as will be shown in Sec. III. It is
therefore suitable to examine the contribution of each
ionization mechanism (phonon or impact ionization) to
the overall charge variation in the n ~-type GaAs layer,
and explain the multiple features related to the current
oscillations.

In the course of investigating the origin of the conduc-
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tance oscillations in SIS structures, a major difficulty
arises because one deals with an inhomogeneous system
which consists of a tunnel barrier on top of a lightly
doped layer of semiconducting material. It is not possible
to isolate experimentally the contribution of each region
of the device to the overall current response or to the to-
tal voltage drop across the SIS structure. However the
various physical variables (current, electric field, and po-
tential) satisfy continuity conditions which make them in-
terdependent in the different regions.

Because of the large potential variation experienced by
the semi-insulating n ~-type GaAs layer the voltage drop
across the tunnel barrier is only a few percent of the total
gate voltage such that LO-phonon emission takes place in
the buffer layer of the SIS structure. The central issue is
to identify the microscopic process which relates the
LO-phonon emission to the mechanism which modulates
the current at the barrier injector.

With the presence of space-charge depletion region in
the buffer layer,’ the general scenario leading to the
current oscillations consists of three phases (Fig. 1): (1)
Electron tunneling and injection across the barrier, (2)
electron acceleration with LO-phonon emission in the n-
type GaAs high-field region, and (3) microscopic process-
es causing the current oscillations, with feedback to the
tunnel barrier.

The tunnel barrier operates only as a carrier-injection
mechanism. The two remaining phases are essential to
understand the oscillatory effect. Transport in the high-
field buffer layer is important because it determines the
energy distribution of carriers entering the undepleted re-
gion where conductance oscillations occur. We therefore
devote an entire section to this process because several of
the previous models>® '* assume velocity phase conserva-
tion (velocity coherence) for the carriers in the high-field
region, i.e., all the carriers travel the same ballistic dis-
tance before emitting a LO phonon in the n ~-type GaAs
layer, resulting in a significant velocity and energy drop
after the emission process. This sawtooth carrier motion
would therefore explain the current oscillations because
the occurrence of the third phase (Fig. 1) would depend
upon the magnitude of the carrier incident energy in the
undepleted region. We will see that this picture is too

n*-type GaAs AlGaAs n*-type GaAs

n~-type GaAs

FIG. 1. Schematic representation of the three-phase process-
es in the n *-type GaAs-Al,Ga,_,As—n ~-type GaAs structure
at zero-magnetic field: (1) Tunneling process, (2) high-field
transport with LO emission, and (3) microscopic process in the
neutral region. The dashed FB line represents the feedback to
the barrier voltage V.
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simplistic and that a more elaborated analysis is needed
to obtain a good quantitative agreement with the experi-
mental data. In Sec. III, we develop a model of charge
generation in the n ~-type GaAs layer. The model is
based on the distribution of carriers obtained from nu-
merical simulation in the preceding section. We derive
the expression for the phonon ionization rate of neutral
donors in presence of magnetic field and compare our
model with the experimental data. Finally we discuss the
interpretation of the MIR effect in connection with our
model.

II. HIGH-FIELD TRANSPORT
IN THE n ~-TYPE GaAs BUFFER LAYER
(ZERO-MAGNETIC-FIELD CASE)

The carrier energy distribution in the n ~-type GaAs
layer of the SIS structure is determined by performing a
Monte Carlo simulation of the electron motion in pres-
ence of LO-phonon emission. Individual paths of a large
number of (4000 in our case) of electrons are simulated
using a code which incorporates the nonparabolicity of
the band structure.!® In the absence of magnetic
freezeout the n ~-type GaAs layer consists of a classical
depleted space-charge region and an undepleted
quasineutral region extending up to the n*-type GaAs
substrate. We have assumed that the potential ¥V in the
buffer layer has a classical profile as given by a quadratic
expression as a function of the distance W from the
Al Ga,_,As barrier (Fig. 1), ie., V,=eN,W?/2¢;.
Carriers are injected from the left side (Al, Ga,_, As bar-
rier side) with zero velocity and advanced stepwise in
time. After each time step, electron positions in real and
momentum space are updated. By using this scheme, we
keep track of the spatial dependence of scattering statis-
tics and transport variables such as the drift velocity and
average energy.
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FIG. 2. Electron energy vs distance in the depletion region of
the n ~-type GaAs layer for different gate voltages. Curves have
been terminated when carriers penetrate the undepleted layer
(after Wang et al. Ref. 18).
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In Fig. 2 we have plotted average electron energy as a
function of distance in the depletion region for different
gate voltages. The curves have been terminated at the
end of the depletion region. In the undepleted region, the
electron motion is assumed to be a field-free relaxation.
As can be seen, oscillatory structures which would reflect
the simultaneous stop-and-go carrier motion caused by
successive acceleration and phonon emission processes,
are entirely absent. This absence of coherence is mostly
due to the strength of the electric field which destroys the
“phase” among carriers by randomly distributing the in-
dividual scattering events. All the curves exhibit an
overshoot which varies in position, magnitude, and shape
as a function of the gate voltage and the nonuniform elec-
tric field in the depletion region. Another important re-
sult provided by these numerical data is the value of the
carrier energy at the edge of the depletion layer. Carriers
penetrate the undepleted region of the GaAs buffer layer
with an energy far larger than the phonon energy fiw; o.

Figure 3 shows the electron energy as a function of the
gate voltage as the carriers penetrate into the undepleted
portion of the n ~-type GaAs layer. Two ranges of volt-
age, the low-bias, E;=0.1 V, and high-bias, E;=0.4 V,
regions have been investigated with a finer mesh size.
The overall behavior of the carrier energy is a relatively
smooth and monotonic function of the gate voltage. For
low bias, the detailed calculation (see inset) shows a struc-
ture in the energy and velocity characteristics with a
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FIG. 3. Electron energy at the edge of the depletion region as
a function of the gate voltage. Insets show fine analysis for two
voltage ranges (0-0.15 V) and (0.35-0.40 V). O, energy and A,
drift velocity. Also shown is the distribution function f(E) for
Vs=0.4 V; the structure period corresponds to fiw o (after
Wang et al. Ref. 18).
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period corresponding to the LO-phonon energy. The
dips indicate a decrease of the velocity due to the onset of
a new LO-phonon emission sequence for low-energy car-
riers. These carriers have already disposed of all their ki-
netic energy in the depletion layer, but have been reac-
celerated up to an energy corresponding to fiw;y. The
dip amplitudes are less than 10 meV and 0.5X 10’ cm/s
for energy and drift velocity, respectively, corresponding
to amplitude variations of =15 and =10%. A close
look at the carrier distribution function reveals &-like
peaks caused by the LO-phonon emission process (inset).
All the peaks in the energy distribution are separated by
the well-defined phonon energy #iw;o. The highest-
energy peak is located at eV; and corresponds to ballistic
(collision-free) carriers. Only a fraction of the carrier en-
semble occupies the lowest level. At high-gate voltage
the electron energy decreases because carriers at the edge
of the depletion region return to steady-state value after
the energy overshoot. The fine structure is barely notice-
able. This last result clearly invalidates the concept of
velocity coherence.

At this stage, it is interesting to assess the importance
of the space-charge effect produced by the velocity varia-
tion as shown in Fig. 3. Owing to current conservation,
the variation of the carrier concentration &n resulting
from the velocity variation dv, is given by

Sv
&n =—i—2"’ (1a)
e Uy
or
dn =~(2Xx10%)J cm™?, (1b)

where J is the current density in A/cm? and v, is the drift
velocity. If we assume that this excess charge exists over
all the undepleted region of thickness D the resulting
electrostatic potential variation is given by

8V=%—e—8nD2z(4><10‘3)J mV @)

€s

for D=0.5 pm. In Hickmott’s and Eaves’ cases, the
current density varies between 10~% and 10~° A/cm? and
between 1075 and 10~! A/cm?, respectively."® There-
fore the charge variation is really too small to produce a
space-charge effect resulting from electron accumulation
in the buffer layer. Similar conclusions have been
reached by Eaves and co-workers.” Ionization mecha-
nisms have to be invoked to explain the current oscilla-
tions.

III. CHARGE GENERATION
IN THE n ~-TYPE GaAs LAYER

As we mentioned previously, analysis of the high-field
transport in the n ~-type GaAs depleted region is a neces-
sary step toward a coherent model of ionization of neu-
tral donors since knowledge of the carrier energy distri-
bution provides a direct estimate of the number of parti-
cles (electrons or emitted hot phonons) capable of partici-
pating in the ionization mechanism. With this in mind, a
theory of space-charge generation* and impedance varia-
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FIG. 4. Schematic energy-band diagram showing the random
process of LO-phonon emission in the depleted region of the
n*-type GaAs-Al,Ga,_,As-n "-type GaAs structure. The
electron distribution function at the entrance of the undepleted
region is indicated on a horizontal axis as a function of energy
E,, is the donor energy and M is the maximum number of LO
phonons emitted by a single carrier. Insets show three funda-
mental processes: (1) phonon ionization of neutral donors, (2)
impact ionization of neutral donors by energetic carriers, and
(3) resonant capture of energetic carriers by ionized donors with
LO-phonon emission.

tion® ! in the undepleted n ~-type GaAs region can be
formulated

A. Zero-magnetic-field conditions

A schematic cross-sectional view of the tunnel struc-
ture with hot-electron mechanisms is shown in Fig. 4. At
low temperatures and under reverse bias the lightly
doped buffer layer consists of a depletion region and an
undepleted layer containing neutral (frozen) donors,
which extends up to the n *-type GaAs substrate.” Elec-
trons are injected from the heavily doped GaAs gate
through the tunnel barrier into the depletion region with
a nearly monoenergetic distribution. Owing to the large
electric field across the depletion region an appreciable
fraction of electrons are accelerated up to the highest en-
ergy E =eV;. Other electrons are scattered by emitting
LO phonons resulting in a lower average carrier energy
(Fig. 2). However, because of the dispersionless phonon
relation, the energy lost AE =#w;o in each scattering
event is constant. Therefore, the resulting distribution
function f(E) (horizontal axis in Fig. 4) of carriers leav-
ing the high-field region is characterized by discrete &-
like peaks separated by the phonon energy %y o. '8

1. Relaxation mechanisms and carrier generation

When carriers penetrate the undepleted region at the
right of the energy axis they continue to dispose of their
energy by LO-phonon emission but impact ionization of
neutral donors [process (2) in Fig. 4 inset] is also possible.
The donor ionization rate by impact ionization 1/7; is
calculated by using the Fermi golden rule
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Lo s 2T (12| V(1,0 |28(E, —~E} —E}—Ep),
Tii o f
k) k)
3)

where (1,2'|V | 1,0) is the matrix element of the
Coulombic interaction between the incident electron (1
state) and the bound donor state (0 state). The two re-
sulting states after ionization are the 1’ and 2’ plane-wave
states. E, E}, and E; are the energies of the incident

and the resulting states after ionization, respectively.
This yields

0,2
Npe®

1 e E
6 (€4€5)h °

Ep

4)

1
Tii

Here, ap is the donor Bohr radius, m is the electron
effective mass, €5 is the dielectric constant, and F is a
function of the normalized incident energy E /E, where
E, is the donor energy [Fig. 5(a)]. For n ~-type GaAs,
where N =~10'> cm~3 is the neutral donor concentra-
tion"!” and ap =10 nm, the prefactor is about 6 10
s~!. The ionization F function presents a maximum
F);=0.7 at E~=3.6E which corresponds to an ioniza-
tion cross section o ~aj. Notice that the ionization rate
strongly decreases at high energies; this implies that only
the carriers of the first 8-like peak of the current distribu-
tion contribute to the impact ionization. The total
scattering cross section is larger due to inelastic Coulom-
bic interactions causing electronic transitions between the
donor’s hydrogenic levels. The total scattering cross sec-
tion has been estimated to be as large as o =37a LZ,, i.e., an
order of magnitude larger than the ionization process.'’
However, the LO-phonon emission (1/7,,~5x 10'2s™!)
remains the only important energy relaxation mechanism
in the n ~-type GaAs buffer layer.

LO phonons generated by hot carriers are in excess
with respect to their equilibrium distribution, and, in
turn, are able to ionize neutral donors. The excess LO-
phonon population v is a result of a detailed balance be-
tween generation by hot carriers [left-hand side of Eq. (5)]
and loss processes due to ionization and decay into acous-
tic phonons [right-hand side of Eq. (5)], i.e.,

M+l n; v v 1 MLt n

——=—4— or V=T — ,

j=2 Tem Tpi Td 1/7-[7i_|"1/’rd j=2 Tem

(5)

where M +1 is the total number of 8-like peaks of the
distribution function and n; is the electron concentration
of the jth energy peak of the distribution function f(E).
The j =1 term in the sum does not contribute to the pho-
non generation because phonon emission is forbidden for
E <fiwy o, 1/74~10"" s~! is the LO-phonon decay rate
and 1/7, is the donor ionization rate by LO-phonon ab-
sorption [process (1) in Fig. 4 inset]. The latter is also
calculated using the Fermi golden rule,
i=%”—§ | (Opn | (k| Hop ] 0) [ q) |2

Tpi

XS(E (K')+Ep—fiwyg) » (6)



38 PHONON IONIZATION OF NEUTRAL DONORS IN LIGHTLY ...

where H,_;, is the Frohlich electron-phonon interaction
Hamiltonian:"’

H,,=3 (anqeiq"—C;a;e_iq") . (N
q

Here C is the coupling parameter given by
172 1/4

#
_Noro ’ @)

=1
4 q

Am

V(Z

2m w10

where @=0.068 is the Frohlich coupling constant, q is
the phonon wave vector, and V is the volume of the sam-
ple. C L is the complex conjugate of C; and a:g and a are
the phonon creation and annihilation operators. In Eq.
(6) the | 0) | @) vector is the initial state consisting of the
| 0) hydrogenic donor state and the occupied |q) in-
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FIG. 5. (a) Plot of the impact ionization F function vs the
normalized incident energy E/E;. (b) Phonon ionization S
function vs the normalized phonon wave vector.
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cident phonon states, while the |k) ioph) vector is the
combination of the free-electron |k) states and the
nonoccupied |Oph) phonon state resulting from the
donor ionization process. After tedious calculations, we
obtain

1 167 #
;;=—3“ gaBa;S(an) , 9)
where
0 1
S(x)=|—
TN | (14 1x —0(1—Ep /Ao o) 21}

1
C {14[x +0(1—E}, /Ao o) 21}

(10)

Here 0=(2mwyoas /#)!/%2. With the same parameters as
used previously, the prefactor of Eq. (9) is about 2 10'°
s~!. The S function [Fig. 5(b)] exhibits a maximum
Sy=~1.5 at ¢~0.80(2mw;o/#)!"?> and an apparent
singularity at ¢ =0 as a consequence of the 1/q depen-
dence of the Frohlich Hamiltonian and the fact that ini-
tial and final states are not orthogonal. Therefore, the
phonon ionization rate reaches a maximum value of
about 3% 100 s~! for qz2><106 cm~!, which corre-
sponds to the wave vector of phonons emitted by energet-
ic carriers at the emission onset. Smaller phonon wave
vectors are emitted by electrons of higher energies and
thus induce a lower ionization rate. It should be noted
that this ionization rate is of the same order of magnitude
as the impact ionization rate [process (2) in Fig. 4 inset].
Therefore under electron injection, the total nonequilibri-
um generation (G) mechanisms consists of three com-
ponents: thermal generation G,;,, impact ionization, and
donor ionization by LO-phonon absorption, i.e.,

G—G M+lﬁ v
=Gp+ +—, (11)

v
=1 Tii Tpi

where v is given by Eq. (5).

2. Recombination mechanisms

The nonequilibrium recombination (R) mechanism is
the sum of two terms:

no+6n n
=O—+—j . (12)

TI’CC TL’

The first term is the thermal recombination in the pres-
ence of excess carriers dn; n, is the equilibrium carrier
concentration. The second term is resonant capture by
the ionized donors with LO-phonon emission [process (3)
in Fig. 4 inset], which occurs only for the first electron
level j =1, i.e., when

E =tio o—Ep . (13)

The capture rate is given by the same expression as Eq.
(6) with the sum over q instead of k,
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where the §-function accounts for the energy conserva-
tion during the resonant process and k =V2mE /4.
At T=4.2 K for N, —N ,~10" cm™3, the free-carrier
concentration is no~2x10'* cm™3, which is consistent
with a resistivity value p=400 @ cm.*!® For an acceptor
concentration N ,~2X 10" cm~3 the charge neutrality
condition yields N =N +no=2.2Xx 10" cm™3. If we
assume that the energy width of the j =1 resonant peak
is I'; =fiw; /50, we can replace the & function by 1/T",
and evaluate the capture rate 1/7,~2x 10! s~! at reso-
nance. The choice of I';, is somewhat arbitrary but
reasonable for low temperature since the condition for
observation of the oscillations is #iw; o >>T';.

3. Excess carriers in the n —-type GaAs layer

At steady state, there is a balance between carrier gen-
eration and recombination processes. Therefore the re-
sulting excess carrier concentration 8n in n ~-type GaAs
can be calculated. This excess charge concentration
varies discretely because by increasing the gate bias, the
lowest 8-like peak of the incident distribution function
passes the threshold energy for each of the generation or
recombination mechanisms (Fig. 4). Monte Carlo simula-
tion shows that for a gate voltage V;=0.35 V, for exam-
ple, the occupation of the j =1 electron state is about
of the total electron concentration up to the onset of the
second j =2 state and then decreases slowly for higher
energy. Therefore, the carrier concentration in the
lowest 8 peaks is ny ~n,~J/(5ev,) in a first approxima-
tion, where J =~7X 1072 A/cm? is the current density as
provided by the experimental data and v, ~5X 10’ cm/s
is the carrier-drift velocity. With a combination lifetime
Tee=TX107° s as estimated by Melngailis et al.?® in
similar samples, the contribution of the impact ionization
mechanism to the excess charge is given by

.
I Tree  s510M em=3 . (15)

This value is about 2 orders of magnitude smaller than
the estimates of Eaves et al.!” who include intra-atomic
donor transitions resulting from carrier inelastic scatter-
ing in the total ionization rate and assume that by hop-
ping conduction or field ionization, electrons in the donor
excited states will contribute to the excess charge. How-
ever, the main difference is due to an overestimation of
the number of carriers able to impact and ionize the neu-
tral donors at the threshold energy. Eaves et al. consider
that the current monoenergetic with all the carriers con-
centrated in the j=1 lowest peak of the distribution
function, while the random nature of the phonon scatter-
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ing in n ~-type GaAs depleted layer allows only a fraction
of them to be in the appropriate energy range for impact
ionizing the donors.

The charge variation resulting from LO-phonon ion-
ization and resonant capture with LO-phonon emission
are, respectively, given by

Tl'
8np,=l——', 1 e ~10% cm™—3, (16)
5evy 147,/Tq Tem
Tec
on, = ——2— T 25102 em . (17)
Sevy; T

In Eq. (16) we have considered the excess charge result-
ing only from the phonons emitted by the second lowest
(j =2) peak of the distribution function. Additional ion-
ization arises from phonons emitted by high-energy car-
riers but they do not cause a steplike charge variation.?!
These results indicate that the phonon ionization process
is the leading mechanism of charge generation in the un-
depleted region of the SIS structure. The density of LO
phonons emitted by hot carriers exceeds by at least 1 or-
der of magnitude the concentration of electrons able to
impact ionize the neutral donors. Notice also that, al-
though depending on the choice of the broadening factor
I';, the charge reduction resulting from resonant capture
is comparable in magnitude to the charge generated by
phonon ionization. This capture mechanism has been
found responsible for oscillatory conductivity in dia-
mond? and InSb.2> However, in our case, the situation is
more complex because both effects—resonant capture
and phonon’ ionization—occur almost simultaneously
since the resonant carrier energy is just a few meV below
the threshold energy for phonon emission. The situation
is complicated even more by an intermediate regime with
subthreshold phonon emission for which the final elec-
tron states are the donor excited states. By varying the
injection gate voltage near the resonant conditions, the
current first decreases due to carrier capture, then, within
3-4 mV, increases again due to the phonon emission on-
set which causes donor ionization. Therefore the transi-
tion range between trapping and ionization is about the
width of the peaks in the 3*/d¥% curve which corre-
sponds to current minima observed by Guimaraes et al.'°
Moreover, the variation of electronic charge during a cy-
cle of carrier trapping ionization over a gate voltage
period AVg=fiwg/e is given by dn=0n,
—8n,~1.2X 10'® cm® This results in a relative resis-
tance variation AR /R =8n/(ny+8n)=0.3 which is in
good agreement with the experimental data.’ This resis-
tance variation in turn corresponds to a voltage drop
8V,=ARI=0.4 mV=kT /e in the undepleted region
and thus induces a variation of the Al,Ga,_,As barrier
field AF;/Fr=ARI/WF;=~10"3 (W is the depletion
width) which modulates the tunnel current.

The model is consistent with the high-temperature data
of Lu, Tsui, and Cox."* In this case, the high current
density produces complete and uniform background ion-
ization. However the periodic capture mechanism can
persist above the freezeout temperature when periodic
ionization vanishes. Although the low-energy carrier dis-
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tribution n, is broader than a few meV and thus reduces
the capture rate in Eq. (14), charge trapping is still im-
portant since the current density is several orders of mag-
nitude 10°-10* larger than in the previous experiment,
resulting in an appreciable resistivity variation in the un-
depleted layer, as seen from Eq. (17).

B. Nonzero magnetic field conditions

In Hickmott’s experiment the conductance oscillations
are enhanced by the presence of magnetic fields."*> For
instance, the voltage variation during an oscillation cycle
8V =VgzAI/2I=3.5 mV, as estimated from the relation
I < V%, established by Hellman et al.’ (data at H=12 T
with AT /I=2X 1072 for V;=0.35 V) is more than 1 or-
der of magnitude larger than the thermal voltage
kT /e =0.14 mV (T =1.6 K) and consequently cannot be
attributed to an Ohmic resistance variation of the undep-
leted (neutral) region, as suggested by several authors.>®

We attribute this voltage variation to space-charge
effects which modify the electric field profile in the GaAs
undepleted region. A calculation of the residual electric
field yields 8F=8V /D ~100 V/cm where
D =L — W=0.35 um is the width of the undepleted lay-
er and W=0.65 um is the extension of the depletion re-
gion at ¥z =0.35 V. This electric field variation is com-
patible with the existence of magnetic freeze out in the
undepleted region since field ionization of neutral donors
occurs at higher-electric fields. Therefore LO-phonon
ionization takes place and releases the frozen electrons
from the neutral donors resulting in a space-charge effect
which reduces the potential drop in the GaAs buffer layer
and consequently increases the Al, Ga,_, As barrier field
causing a tunnel current enhancement. The LO-phonon
ionization rate with electron states modified by the mag-
netic field is calculated in a manner similar to that of pre-
vious sections.
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In longitudinal magnetic fields, the electron wave func-
tion in the conduction band is given by

172

1
VI exp

eH
2mhic

Y, = — ’

eH 2 2 .
4hc(x +y°)—ik,z

(18)

where H is the magnetic field in the z direction, and k, is
the longitudinal wave vector. Here, for the sake of sim-
plicity, we only consider the lowest Landau level of the
conduction band.

The ionization energies of shallow hydrogenic donors
in magnetic field were first calculated by Yafet, Keyes,
and Adams (YKA) with a variational method.?* Later
Larsen? improved the model by using trial wave func-
tions which yield more accurate ionization energies.?®
However, in the former method the donor wave functions
are more practical for analytical purposes. Moreover in
the range of magnetic fields achieved in the experiment,
the ionization energies are not significantly lower than
Larsen’s results ( <10%). Therefore, in the following
derivation, we will use a hybrid method combining the
YKA wave functions and Larsen’s energies to calculate
the phonon ionization rate.

The YKA donor wave function is given by

(x —x; ) +(y —y,)?
4ai

(z —2z;)? ]

S S
= 2mala) ? P

+ ) (19)

2
4a;

where a, and a, are the variational parameters and
r=(x;,y;,z;) is the position of the donor atom. Again, we
assume that only the lowest donor state is occupied under
magnetic freezeout.

The electron-phonon interaction Hamiltonian is given
by Eq. (7). After integration, the electron-phonon matrix
element is

C a la )1/2 qZGZ
M=2"4g14 14 L S——exp | — — 5 +(k,—q,)a}
VL [1+(a,/a, )" ]a, 1+(a,/a,)
2, .2 . .
X +yi 1q9,%;+1q,y;
X exp | — — —i(k,—q,)z; , 20
P17 (4@ +ad) " 11a, /a2 T 20

with a. =fic /eH. This matrix element describes the absorption of a phonon by a bound electron at a distance |r—r; |
from the center of the donor atom. Here g, is the component of the phonon wave vector perpendicular to the magnetic
field. In this model it as assumed that the donor center is not necessarily on the path of the traveling phonon. The
transition probability for the ionization process and the total ionization rate are given by

27,2
2T
W,.(k,,q)=7M2(q)a Zm" +Ep —fiog, 21
and
%= 23 Wilk,q), (22)
ik,
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where the summation is carried out over all the longitudinal wave vectors k, and all the impurity indices i. We next
make the transformation from discrete to continuous variables

L
kE-»gHZﬂ_fdkz,

S —N3 [ dr,,

i

(23a)

(23b)

where £H is the degeneracy of the Landau levels and NJ is the neutral donor concentration. We finally obtain the ion-

ization rate for LO phonons:

1 _16 spp0 % % 1

— = a— sq,.q,), 24)
o V2 P1i(a,/at m (1—Ep /a2 10
where
H 2moro glal 2 2 2 2
S (quqz)=—7q—2*exp 2 e et { exp[ —2(k.—g,)°a;]+ exp[ —2(k, +g,)%a;]} (25)
1 c
-

and
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zmwm

i

Ep
ﬁwLO
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Table I gives the values of the different parameters for
y=fw./2R =1 and 2 corresponding to magnetic field
amplitudes H =6.5 and 13 T, respectively. Here w, is
the cyclotron frequency and # is the Rydberg constant.
The expression of the ionization rate is similar to Eq.
(10). By using the parameters of Table I, it is easily seen
that the prefactor is virtually unchanged with respect to
zero-magnetic-field conditions. The ionizations S¥ func-
tion, however, is different from the expression in Eq. (10).
A well-defined peak is now identified at g,a,~+2 for
low-magnetic fields (Fig. 6). The pronounced minimum
at low wave vector is a unique feature of the one-
dimensional (1D) character of the electron wave function,
which results from confinement caused by the magnetic
field. It is a real effect which is independent of the choice
of the trial wave function. For high magnetic field, the
position of the peaks are shifted toward low wave vectors
and are less pronounced because of the influence of the
1/¢? singularity in the LO-phonon scattering rate. For
the range of magnetic fields considered in this experi-
ment, i.e., H <14 T, the maxima are still well resolved
and thus limits the ionization process to a small range of

TABLE 1. Numerical values of the parameters used in the
calculations: y =fiw. /2R where o, is the cyclotron frequency
and R is the Rydberg constant equal to 5.8 meV; a, and a, are
from Ref. 15, E, is the ionization energy from Ref. 28, and
a,=V'#ic /eH is the cyclotron radius.

v a, (A) a, (A) a, (A) Ep (units of R)
1 73 59 98 1.66
2 65 49 69 2.04

phonon wave vectors around the peaks, i.e., for g, = +k_.
This is a consequence of energy conservation during the
electron-phonon interaction.

In addition to this particular behavior of the ionization
rate, the 1D LO-phonon density exhibits features
different from the 3D (zero-magnetic-field) conditions.
As a generalization of Eq. (5), the density v of LO pho-
nons emitted by hot carriers in the GaAs undepleted lay-
er is given by the relation

Y« z > dE
j=2

N(E
foro Tem(E) (E)

XfileVy—(M +1—j}iw o—E),  (26)

S"(0,q,)

kS
meLo

FIG. 6. Magnetic field dependent phonon ionization S*
function vs the normalized z component of the absolute value of
the phonon wave vector g,a,, for different values of the parame-
ter k.a, decreasing with magnetic fields. From Table I,
k.a,=1.6 for H=6 T. For comparison the limiting case H =0
corresponds to k.a,=2.3.
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N (E) is the electron density of states and f; is the mini-
distribution of electrons around the jth peak of the total
f (E) distribution represented in Fig. 4. If for the sake of
simplicity we assume a Gaussian shape characterized by
a broadening parameter I, i.e.,

[eVG—(M+1"—])ﬁ(l)LO—E]2
FZ

and if we neglect the weak variation of the n; coefficients
with the j parameter, the dependence of the number of
LO phonons v on the gate voltage has a profile shown in
Fig. 7 for zero (3D) and nonzero (1D) magnetic fields.
The second derivatives d?v/dV% of the 3D curve shows
sharp maxima for V;=M"fiw;,/e which correspond to
the onset of a new sequence of phonon emission when the
lowest peak in the hot-carrier f(E) distribution function
crosses the threshold energy E =fiw; .

In the presence of magnetic fields, owing to the singu-

(27

fjocnjexp | —
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FIG. 7. Plot of the LO-phonon density v and d2v/dV? vs the
gate voltage V; as derived from Eq. (32). (a) Zero magnetic
field (3D) and (b) nonzero magnetic field (1D) cases. The
broadening factor is I' =fiw; o /20.
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lar nature of the 1D density of states, the trace in the
second derivative changes as shown in Fig. 7 (b). The
maximum peak becomes much higher and narrower [the
vertical scales in Fig. 7(b) have been reduced to accom-
modate the d?v/dV% curve] and is followed by a pro-
nounced minimum. This behavior which is a characteris-
tic of the LO-phonon density and thus of the phonon ion-
ization process is observed in the experimental data.
Hence, in Fig. 8, the experimental peak at V=155 mV
(Ref. 17) changes from a sharp maxima at zero-magnetic
field to a shape similar to that predicted by our theory at
H =5.5T. In our calculation, we have assumed that the
broadening factor I'" is constant and equal to the H =0

d21/dv?

- ! |
140 160 180

Voltage (mV)
! . -1‘50 -200mV.
(b) '
T=42K
- y=”-1§>5mv
2 BllJ -
E B=0
3 3
S =
= o
5 Sl50T
S
N
3 76T
:;_,; B of |
| ! 1 I
(o} 2 ) 6 8 10
B (T)

FIG. 8. (a) Shape variation of the LO-phonon peak at
Vg ~155 mV; in the d*I /dV} curve at 4.2 K, showing the nar-
rowing and amplitude enhancement with magnetic field. Upper
curve, H =0; lower curve, H=5 T from Ref. 14. The dashed
lines shows the theoretical curve calculated from phonon emis-
sion. (b) Trace of the d?I /dV} peak as a function of magnetic
field.
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experimental value. In both cases, H =0 and H=0, the
amplitude of the d?v/dV} curves have been fitted with
the experimental data. Consequently, the characteristic
shape of the second derivative peak exhibits the LO-
phonon signature in the charge ionization process.

The above effect has been attributed to a magnetoim-
purity resonance (MIR) which occurs when the separa-
tion fiw, between Landau levels is equal to the donor ion-
ization energy E(H). For this condition, the ionization
energy corresponds to the joint density of states which is
maximum for hot electrons falling from the p =1 to p =0
Landau level. The occurrence of the MIR effect seems to
demonstrate impact ionization in the charge generation
in the neutral semiconductor layer.!” Otherwise, if the
LO-phonon ionization mechanism were dominant, one

would observe magnetophonon oscillations in the
d*I /dV? peak amplitude when the condition
ﬁwL0=Nﬁwc +ED(H) (28)

is satisfied, with NV being an integer. Here w, is the cyclo-
tron frequency. This argument is questionable because
there is no reason to restrict the MIR mechanism to hot-
electron transitions between the first two Landau levels.
Non-negligible higher-order resonance transitions have
been experimentally evidenced.?’” Therefore, the reso-
nance should also occur for transitions between higher
successive Landau levels, i.e., when (p’'—p)fiwo, =Ep(H)
with p’p >>1 but Ap=p’—p =1 (Fig. 9). Because the oc-
cupation of the higher Landau levels is a function of the
injection energy in the n ~-type GaAs undepleted neutral
layer, current structures with periodicity AV;="%w, /e,
should appear in the conductance characteristics.

By contrast to impact ionization, phonon ionization in-
volves a well-defined energy constant

fioyo=Ep(H)+E,(k,) (29)

and thus occurs with an unique voltage period
8V g ="*iw /e, which is effectively observed. Here E (k,)
is the residual kinetic energy of the emitted carriers in the
p Landau level and k, the electron wave vector. Further-
more, as shown previously phonon ionization dominates
the impact ionization mechanism because the density of
hot phonons exceeds the density of hot carriers by at
least 1 order of magnitude. This results from the LO
mode low-group velocity (vP"~0) which causes the pho-
nons to pile up (7, ~ 10! 5) in the undepleted region
until decaying. By comparison, hot carriers spend a
shorter time 7, =D /v, =10~ 125 in the undepleted region
(D ~0.5 pum is the undepleted width, and v, ~5.10” cm/s
is the carrier-drift velocity) and, consequently, are in low
concentration. Therefore the impact ionization mecha-
nism seems to be absent in this case, and the features
(peak narrowing and amplitude enhancement) observed
in the trace of the current structures, are due to the par-
ticular conditions which determine the observation of the
phonon ionization process in presence of magnetic field.
Hence the broad maximum observed in the peak ampli-
tude of the d2I /dV? curves around 5 T may be due to a
tradeoff between a peak enhancement due to the 1D na-
ture of the phonon emission process as shown previously
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FIG. 9. (a) Conduction-band edge at the transition between
depleted and undepleted regions of n-type GaAs, showing
schematically three injection conditions of hot carriers resulting
in three MIR processes involving different Landau levels. (b)
Expected MIR periodic structures (dashed line) superimposed
to the zero-magnetic-field LO-phonon peaks (solid line). Here
ﬁa)L(): 3%(1)C

and a decreasing current density which reduces the num-
ber of ionizing particles and thus suppresses the oscilla-
tions at high magnetic fields.'®

IV. CONCLUSIONS

The basic features of the conductances oscillations in
SIS tunnel structures have been explained by a mecha-
nism of space-charge generation caused by phonon ion-
ization of neutral donors in the lightly doped GaAs layer
of the structure. The ionization mechanism is modulated
by the gate voltage which determines the maximum num-
ber of phonons M emitted by each carrier when
eV =Mfiw| o, the potential variation resulting from the
periodic charge generation feeds back to the
Al,Ga,_,As tunnel barrier and induces the observed
current oscillations. Other processes such as impact ion-
ization and carrier capture by ionized impurities with
LO-phonon emission are possible but appear less impor-
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tant. In the experiments of Lu, Tsui, and Cox on In-InP
contacts, the persistence of the oscillations up to 77 K
seems to exclude periodic donor ionization since the high
temperature and high-current density cause uniform and
complete background ionization. Periodic carrier cap-
ture with subthreshold LO-phonon emission can still be
appreciable, and result in resistance variation which per-
sists at high temperature in the lightly doped InP layer.
At this stage, however, direct and quantitative compar-
ison of our model with experimental data is difficult be-
cause of the uncertainty affecting certain parameters as
the doping level and the recombination rate in InP for ex-
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ample. More detailed experimental data are needed to
confirm the generality of this model.
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