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Influence of a macroscopic circuit on polarons in ap-n tunnel junction

W. H. Richardson
Ginzton Laboratory MC4085, Department of Applied Physics, Stanford University, Stanford, California 94305-4085

~Received 28 January 1999!

The tunneling current versus voltage of a degeneratep-n junction at milliKelvin temperatures, was observed
to be linear or nonlinear depending on the impedance of the external circuit. Unbinding of polarons is the
ascribed source of the thresholdlike feature in the conductance. A quantum description of the entire system
included coupling of the electrons to two different sets of bosonic particles. The total dielectric function
included a contribution due to the circuit, and the resulting spectral function implied damping of the polaron
mode.@S0163-1829~99!00819-X#
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Investigations of the current-voltage characteristics
tunnel junctions, at low bias voltages, has perennia
yielded information about the elementary excitation of t
medium, and more generally about the nature of conduct
It is now well accepted that the activation of quasiparticl
such as phonons and polarons, can modify the electr
characteristics of semiconductor tunnel junctions1–6 and
Schottky barriers.7,8 In general the quanta of energy asso
ated with the creation or destruction of quasiparticles lead
threshold-like features in the I-V of tunnel junctions. Th
effects of phonons are readily apparent in junctions form
from indirect-bandgap semiconductor material, because
such junctions the generation of phonons is an essential
stituent of the tunneling process. Aside from phonon-assis
tunneling, other aspects of electron-phonon coupling can
fect tunneling. Formation of polarons can lead to the inhi
tion of tunneling at low-junction voltages; that is because
an electron is in a polaron bound state, then the junc
voltage must be larger than the threshold associated with
polaron binding energy (V.\vg /e) in order to obtain a free
electron for tunneling. This direct connection between
tunneling current, polaronic state, and the junction volta
permits exploration of the influence of the external circuit
the polaron. Now, it was recently recognized that due to
Coulomb blockade effect an external circuit can influen
the tunneling current in a mesoscopic junction.9,10 We have
observed that the tunneling current—at low-juncti
voltages—of a macroscopic degeneratep-n junction, can be
linear or nonlinear depending on the external circuit. At t
low temperatures employed in the experiments, the thres
features in the conductance appear to be due to the unbin
of polarons. Our observation reveals that the properties
quasiparticle can be modified by the macroscopic circui
which the particle is embedded. In the following discour
the experimental evidence and supporting theoretical form
ism for this new phenomena are presented.

A theory that describes the effects of an external circ
on tunneling in degeneratep-n junctions has been
developed.11,12 A simplified representation of the system u
der consideration is shown in Fig. 1~a!. Polarons near the
junction are taken into account by including coupling of t
electrons to another set of bosonic particles. The comp
tional procedure is similar to that presented in Ref.
Hence, only an outline of the derivation of the addition
PRB 590163-1829/99/59~19!/12204~4!/$15.00
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term will be presented. We started from the additional ter
in the Hamiltonian that describes tunneling in the presence
bosonic particles: HiT5(k,q,g@Lkqgck

†cqeiw(bg1bg
†)

1H.c.#. HereLkqg is a coupling constant,g the Boson wave
vector, k,q are wave vectors for electrons on thep and n
sides of the junction,cq the electron annihilation operator,
and bg the boson annihilation operator. The displaceme
operatoreiw couples the evolution of the continuous charg
distribution ~due to the external circuit! to the discrete
change of the charge on the junction. Linear response yie
an expression for the indirect tunneling current in terms
the Green’s function:I i(V,T)52e\22 Im@GR(v→2eV)#.
The transform of that retarded Green’s function was eva
ated using the Matsubara technique. The Matsubara-Gree
function associated withGR was found to beLi(t)
52Gec(t)(k,q,guLk,q,gu2G(k,2t)G(q,t)D(g,t), where the
Matsubara-Green’s function for the noninteracting su
systems areG(k,t) for electrons on thep side,Gec(t) for the
external circuit, andD(g,t) for the boson field. Series ex-
pansion of the Matsubara-Green’s function, and wi
G(q,ivq)5*0

bdt G(q,t)eivqt, then taking the transform of
L(t), yields L( ivn). The resulting sum over the Bosonic
and Fermionic frequencies were evaluated using the Le

FIG. 1. A simplified schematic of the circuit is shown in~a!. In ~b! is
displayed a diagram of the energy bands for the energy range of interest~c!
The measured current-voltage characteristics~dots!, and the theoretical es-
timate ~solid line! of a macroscopic junction, when the junction was con
nected to a low-impedance source and over a wide range of applied volta
12 204 ©1999 The American Physical Society
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mann representation and analytic continuation (ivn⇒2eV
1 id) yields

I i~V,T!5
e

\2p3 (
k,q,g

E
2`

` E
2`

` E
2`

`

dy dz8 dx8

3Im GR~k,y!Im GR~q,z8!Aec~p,y2eV2z82x8!

3$u∧k,q,g
c u2Ac~g,x8!1u∧k,q,g

b u2B~g,x8!%

3@nB~y2eV2z82x8!1nF~2z8!#

3@nF~y!2nF~y2eV2x8!#

3@nB~eV1x8!2nB~x8!#. ~1!

HereAec is the spectral function of the external circuit
equilibrium, andAc(g,x8) the spectral function of phonon
that contribute to indirect tunneling;nB is the Bose occupa
tion factor, andnF the Fermi occupation factor; the equilib
rium Green’s functions follow fromGR(s,v)5G(s,ivn
→v1 id). The spectral function of the quasibosonic partic
that binds with the electron to form a polaron is given
B(g,v)522 ImDR(g,v). Our approach to treating polaro
formation is akin to the normal-mode theory of quantu
optics. Effects due to polarons could have been include
the Green’s functionGR(k,y). The usual procedure is t
calculate the self energy in the random-phase approxima
with dielectric screening.13 In the present approach,
bosonic particle of energy\vg5ac\vLO is associated with
polaron formation, and the Green’s functions are those
independent electrons. Factorsu∧k,q,g

c u2, and u∧k,q,g
b u2 are

coupling constants for, respectively, indirect tunneling
phonons, and tunneling from polaron states.

The current proportional toB(g,v) is significant. In this
system with many interactions, the interaction between
circuit and the coupled electron-phonon system is formula
starting from the total dielectric function«(g,v), and the
polarizationP.13 Here the dressed Green’s function is tak
as

DR~g,v!5
2vg

v22vg
222vg@Mg

2P/«~g,v!#
. ~2!

In analogy with the case of phonons in metals, we u
«(g,iv)512ngP(g,iv)/«m . Here«m is the background or
medium dielectric constant,ng is the unscreened electron
electron interaction, and the coupling constant is given
2Mg

25ngvg /«m . The dielectric function for the entire cir
cuit without polarons is taken as:«(v)511 is/(v«0), from
which it follows that«(v)5 ivResCes/(11 ivResCes). Here
Res is the effective resistance, andCes the total effective
series capacitance of the circuit in which the polaron will
in
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embedded. In the case of weak damping we obt
B6(g,v).6v r /(v7vg)21(v r /2)2, where the spectra
function at positive frequenciesB(g,v.0)[B1(g,v), and
similarly B(g,v,0)[B2(g,v), with v r51/(ResCes). The
fact that the spectral function of the quasiparticle proved
be a Lorentzian is the basis for the statement that the exte
circuit damps the polaron mode. The transition to stro
damping is obtained by taking the fraction of electrons in
polaron bound state as: gpl5*0

jpdv B(g,v)/(2p)
.@arctan(jp /ge)1arctan(vg /ge)#/p.

In the limit of ultralow temperatures, the current can
written in terms of elementary integrals. Some of those in
grals must be evaluated numerically. The experimental
rameters satisfy the following inequality:Ec<jp<jn1Ec .
Over that range of parameters the current due to direct
neling of free electrons~electrons not bound in equilibrium!
is given by12

I d~V!5AdH 0, 0<eV<Ec

~12gpl/2!K~jn2eV1Ec ,jn!, Ec<eV<jp .

Here K(E1 ,E2) denotes the integral over the density
states:K(E1 ,E2)[*E1

E2R(E)dE, with R(E)5(E2Ecn)
1/2(Evp

2E)1/2.
The current due to indirect tunneling via phonons w

evaluated starting from the term@in Eq. ~1!# proportional to
u∧k,q,g

c u2Ac(g,x8). Summation over the phonon wave vect
yields the current that is proportional to the phonon dens
of states@rph(x8)#:

I ic~V!5AiE
Ecm

Evp
dEE

0

eV

dx8
rph~x8!

x8

3R~E! f ~E! f ~2E2eV1x81Ec!. ~3!

The formulation of a term similar to Eq.~3! represented
the zenith of application of the Matsubara-Green’s funct
technique to tunneling in semiconductor junctions in the l
1960’s.5 It was shown that that term can describe ‘‘certa
types’’ of zero-bias anomalies observed in met
semiconductor and semiconductorp-n junctions. More spe-
cifically, the anomalies were attributed to the excitation
TA phonons, and the minima in the conductance occurre
bias voltages around\vTA /q. Our addition to this specific
mechanism of inelastic tunneling is not as profound: we
cluded effects due to the Coulomb blockade and density
states. In future mesoscopicp-n junctions this term can be
significant. In heavily doped junctions,I ic is smaller thanI d ,
and it is also smaller than the term proportional tou∧k,q,g

b u2B.
Continuing from Eq.~1!, the new phenomena is primaril

related to the current due to electrons released from the
laron bound state:
I pl~V!5
Aia iggpl

2\vg
E

0

DE
dEE

0

E1eV2Ec2jn
dx8 R~E!B~g,x8!U~E1eV2Ec2jn! f ~E2jn!U~2E1Ec1jn!. ~4!

And we find that
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I pl~V!5
Aia iggpl

2\vLO
H 0, 0<eV<Ec

E
0

eV2Ec
dx8 B~g,x8!K~jn2eV1Ec1x8,jn!, Ec<eV<jp .
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Collecting all the terms gives the total current at small po
tive voltages and at ultralow temperatures:I (V)1I d1I ic

1I pl .
The experimental arrangement was based on the u

four-point-probe technique. Inner probes@Fig. 1~a!# were
used to directly measure the junction voltage.14 An ac source
was added in series with the bias whenever an experime
measurement ofdi/dv was feasible. The ac source, and a
sociated lockin detection, were removed if extremely ac
rate measurement at very small source voltages were
quired. In that case the conductance was obtained
numerical differentiation of the current-voltage measu
ments. A voltage source within a few millimeters of the jun
tion was obtained by inserting between the bond lead
substrate of the device, a combination of capacitors wit
total capacitance ofCex50.1 mF. In the case of a high
impedance source, the capacitance parallel to the junc
were removed, resistors with an equivalent resistance
Rex51 MV were inserted in series, and the device w
driven by a current source. The devices were cooled i
dilution refrigerator.

The energy band diagram, of the device under study
shown in Fig. 1~b!. Experimental and theoretical results a
most readily connected by the following parameters:
depth of the degeneracy on then sidejn[mn2Ecn, and that
on thep sidejp[Evp2mp . Heremn andmp are the Fermi
levels on then side andp side, respectively, andDE[Evp
2Ecn5jn1jp2eV. The GaAs junctions featured an acce
tor concentration of approximately 231019 cm23, and a do-
nor concentration estimated to be'331019 cm23. The in-
trinsic junction capacitance wasCi j 50.25 pF, and the
intrinsic series resistance~at room temperature! Ris'7 V. At
100 mK, the measured tunneling resistance was typically
V, peak currentI p52.1 mA, peak voltageVp5120 mV, and
the minimum negative differential resistanceRm52150 V.
The resistive cutoff frequencyf ro529 GHz was much less
than the self-oscillation frequencyf o5950 GHz, thereby en-
abling stable biasing of the device with even a low-exter
impedance.

The measured current and theoretical estimate over a w
range of voltage, that includes the region of negative diff
ential resistance, are shown in Fig. 1~c!. In that measure-
ment, the device was voltage biased andT50.19 K. The
parameters employed werejp50.13 eV,jn50.28 eV, and
Ad5531036. In principle the Fermi level should be obtaine
from the doping densities and neutrality condition. Howev
accurate estimates of the carrier concentrations at low t
peratures depend on other parameters that are not
known. The values forjp andjn were determined from mea
surements and using the following relationships: the volt
at which the current is a maximumVp.(jp1jn)/(3e); and
the threshold for the thermionic diffusion current is given
(Eg1jp)/e, whereEg is the energy bandgap. The excelle
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fit establishes the parameters not related to polaron for
tion, and gives us some confidence in the theoretical form
ism.

The conductances for a junction driven by a low
impedance source~trace a!, and alternately by a high
impedance source~trace b! are shown in Fig. 2. In the cas
when the junction was voltage biased the temperature
stable atT5135 mK, and in the other caseT5195 mK. The
conductance for a different device that was voltage bia
and atT580 mK is given by trace~c!. The observed thresh
old in the conductance@trace~b!# is attributed to the presenc
of polarons in the conduction band on then side of the junc-
tion. The current increases at energies~eV! larger than the
polaron binding energy, because such voltages are la
enough to release the electron from a polaron bound s
thereby enabling tunneling of a bare electron. The measu
threshold appears at a voltageVtp51.2 mV, which is slightly
less than the theoretical threshold (ac\vLO /e52.2 mV! for
polarons in semi-insulating or lightly doped GaAs. Hereac
50.062 is the Frolich coupling constant for electrons in t
conduction band, and\vLO536 meV is the LO phonon en
ergy. In a heavily doped semiconductor, the theoreti
threshold is expected to be smaller thanac\vLO /e because
screening of the electron-phonon interaction tends to red
the value ofac . A similar value for the measured thresho
voltage in GaAs was also obtained by Hall.4 It is unlikely
that polarons in the valence band play a role. Becaus
calculation of the coupling constants from the Frolich fo
mula a5e2(m* /2\vLO)1/2(1/«`21/jo)/\ yields for the
heavy-hole bandahh50.198, and for the light holea lh
50.083. The relevant constants for the participation

FIG. 2. Comparison of the calculated conductances~solid lines!, and
those obtained from measurements are shown in the main figure. Trac~a!
represents the case when the junction was driven by a low-imped
source, and trace~b! the same device driven by a high-impedance sour
Trace ~c! is the conductance for another device in a low-impedance e
ronment. A representation of the polaron is shown in the lower inset.
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valence-band polarons would beav5(ahh1a lh)/2, and for
cross-band interactionAacav. Both constants yield thresh
olds that are much larger than the measured value. The
served threshold is not associated with the excitation of
phonons, be it impurity, induced phonons in the transit
region or bulk, because in that case the transition would
cur around\vTA58 mV. The difference in tunneling resis
tance between the two devices@traces~a! and ~c!# is due to
the difference in temperature and the slight difference
doping. Contact resistances contribute to the backgro
conductance, and do not affect the value for the measu
threshold indi/dv.

The threshold in the conductance is absent in the case
low-impedance source because of damping of the polaro
possible physical picture is as follows. The properties of
electron are affected by the motion of the lattice becaus
the Coulomb interaction between the electron and ions. S
larly, the presence of an electron leads to polarization of
space around the electron. As an electron moves through
crystal it drags along the associated polarization. A pola
~see the inset of Fig. 2! consists of an electron and the in
duced polarization~or cloud of virtual-optical phonons!. The
polaron is said to be large~as is the case in GaAs!, if the
distortion of the lattice extends over several lattice consta
Tunneling of electrons results in fluctuation of the intern
electric field. If the junction is voltage driven, then the pr
cess of rapid recharging of the junction~after tunneling of an
electron! decouples the electron from the much heavier a
slowly moving ions. If the junction is sufficiently isolated
then the gradual recharging does not necessarily lead to
cay of the polaron.

The solid lines in Fig. 2 represent the theoretical resu
Theoretical estimates were obtained using the previous
ues for jn and jp , a ig5364, and in the high-impedanc
regime vR51.031012 sec21, while in the low-impedance
casevR>3.331015 sec21. In the high-resistance environ
ment, the decay time (1/vR) is given by roughly the polaron
scattering time since the particle is isolated. The value
\vg was chosen to match the measured threshold in
conductance, and the coupling constanta ig practically yields
the change in magnitude of the conductance. Clearly
theory, with \vg and a ig considered as adjustable param
eters, can be used to describe the experimental results.
contribution fromI pl was obtained by numerical integratio
on
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that current starts aroundeV5\vg , and is larger in magni-
tude thanI d . In the limit of zero bias, the background con
ductance is due primarily to the direct tunneling of unbou
electrons (I d). Phonon-assisted tunneling current (I ic) is
much smaller thanI d . Outside the voltage range shown
the figure, the calculated conductance is larger than the m
sured value. That discrepancy is probably due to band-tai
effects.

This observation of the effect of different circuit imped
ance on tunneling is reminiscent of the Coulomb blocka
effect. And it has been suggested that some types of z
bias anomalies observed inp-n junctions is due to the Cou
lomb blockade.15 However, in our case, it is clear that th
observed difference in conductance is not due to Coulo
blockade effects. The measured threshold is much larger
the maximum Coulomb blockade thresholdVtc5e/2Cij

50.3mV, and in additione2/(2CijkBT).0.03. Furthermore,
the observed threshold cannot be due to a quantum
~formed from an impurity!, because in that type of double
junction system the nonlinearity would still be present wh
the device is driven by a low-impedance source. The dissi
larity in the physics between the phenomena reported h
and Coulomb blockade effects is also clear. The salient
ture of Coulomb blockade is that—in the absence of therm
energy—tunneling to a state of higher potential energy is
possible. In the phenomena presented here, the key featu
the modification of the properties of the polaron by the e
ternal circuit. The phenomena is in accord with a cherish
principle: that the measurement apparatus can disturb
quantity being measured.

In summary, excitement over the measurement of the
at low bias voltages is due not only to the fact that it pr
vided information about an elementary excitation, but a
because it illustrates the subtle interaction between a qu
particle and the macroscopic surroundings in which the p
ticle is embedded. A general expression that describes a w
variety of indirect tunneling processes inp-n tunnel junc-
tions was presented. That expression was evaluated, in
limit of ultralow temperatures, and shown to describe t
experimental results.
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sor Y. Yamamoto.
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