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Sequential tunneling in doped superlattices: Fingerprints of impurity bands
and photon-assisted tunneling
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Mikroelektronik Centret, Danmarks Tekniske Universitet, DK-2800 Lyngby, Denmark

Stefan Zeundrand S. James Allen
Center for Terahertz Science and Technology, University of California at Santa Barbara, Santa Barbara, California 93106
(Received 12 May 1997; revised manuscript received 28 August)1997

We report a combined theoretical and experimental study of electrical transport in weakly coupled doped
superlattices. Our calculations exhibit negative differential conductivity at sufficiently high electric fields for
all dopings. In low-doped samples the presence of impurity bands modifies the current-voltage characteristics
substantially, and we find two different current peaks whose relative height changes with the electron tem-
perature. These findings can explain the observation of different peaks in the current-voltage characteristics
with and without external THz irradiation in low-doped samples. From our microscopic transport model we
obtain quantitative agreement with the experimental current-voltage characteristics without using any fitting
parameters. Both our experimental data and our theory show that absolute negative conductance persists over
a wide range of frequencies of the free-electron laser so[864.63-18207)07944-1

I. INTRODUCTION of the current-field relation which may display a double-peak
structure at low fields.

Perpendicular charge transport in biased superlattices is If the superlattice is subjected to an external microwave
dominated by resonances due to the alignment of energfjfeld, photon-assisted tunnelifBAT) is possible where rep-
levels in different wells. These resonances vyield distinctica of the resonances are observed at biases which differ
peaks in the current-voltage characteristicassociated with  from alignment condition’s™*" by integer multiples of the
negative differential conductivity\NDC) at fields above the photon energy. For certain field strengths of the irradiation
peak. The instability associated with NDC causes the formafield, absolute negative conductance has been observed
tion of electric-field domainsas well as self-sustained oscil- experimentally*®° The main features of these experiments
lations in such structurésWhile for strongly coupled super- could be described qualitativéfy?° within the standard
lattices the electronic minibands dominate the electricatheory of photon-assisted tunnelfdd® but modifications
transport in weakly coupled superlattices the transport isdue to photon sidebands from a single quantum 3tékhve
due to sequential tunneling from one well to the nékbr a  also been suggested to explain the experimental findings.
discussion of the appropriate regimes see Refs. 6 and 7Here we present additional experimental data, and show that
This situation was already regarded in Ref. 8 for tunnelingfull guantitativeagreement between theory and experiment
between the lowest level and excited levels, in the adjacertan be found by a combination of a microscopic transport
well. There the current is driven by the different occupationmodel with the standard theory of photon-assisted tunneling.
of the two levels, and a maximum of the current occurs wherThis comparison strongly supports our claim that a micro-
the different levels are aligned. Tunneling between equivascopic treatment of impurity scattering is necessary for a full
lent levels at low fields is slightly more complicated, asunderstanding of transport in low-doped superlattices.
alignment occurs at zero field, where, of course, the current The paper is organized as follows: Our transport model is
vanishes. The key point is the treatment of broadening of theresented in Sec. Il. In order to understand the generic be-
states due to scattering which essentially determines theavior, we give a phenomenological approximation, where
transport. This idea has been exploited to determine scattemany features can be seen analytically, in Sec. Ill. The cal-
ing rates by studying the transport between two quantunculated results for different doping densities are presented in
wells®~ 11 In the experiment&*timpurity scattering was di- Secs. IV and V using different screening models, respec-
minished by the use of remote doping, which enabled one ttively. Our calculations are compared with two different ex-
study electron-electron scattering rates. In contrast to this, weeriments concerning a highly doped and a low-doped
focus on doped superlattices in the present paper. There insample in Sec. VI. In Sec. VIl we consider transport under
purity scattering at the ionized donors is an important scatexternal irradiation. Finally, we will discuss the general sig-
tering process whose impact we will examine in the follow- nificance of our results.
ing. In a previous study? a heavily doped sample was
investigated, and good agreement with experimental data II. MODEL
was found. Here we perform a systematic study of the low-
field transport in such structures for different doping densi- We consider weakly coupled semiconductor quantum
ties. We find that the formation of impurity barid$® for ~ wells of periodd. Then the electrons are essentially localized
low-doped samples causes a strong temperature dependerigghe wells, and a reasonable basis set of wave functions is
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given by a product of Wannier function&”(z—jd), which
are maximally localizet in well j, and plane waveg'*'".
The z direction is defined to be the growth direction aknd
andr are vectors within thex,y) plane.v denotes the sub-

band within the well. Here we restrict ourselves to the lowest
level and omit the index in the following, and the energy of

the lowest level is used as a reference point.

Regarding only next-neighbor coupling, we have the
following Hamiltonian § is the electric field, an&<O0 is
the charge of the electr@in

H=% [(Ex—jeFd)a(k)a;(k)+Tal, (k)a;(k)

D)

with the in-plane kinetic enerd§, = #2k?/(2m,,), wherem,,
is the effective mass in the wel; and ajT are the annihila-
tion and creation operators of electrons in wgllrespec-

+Thal (K)aj, 1(k) ]+ Hse

tively. A5 denotes the contribution due to scattering which

is notk-conserving.

Within the lowest order in the couplin@, the current
density from the lowest level in wejl to the lowest level in
well j+1 is given by®

dE
]~>1+l_ Z| 1|2f 2T ﬁ J+l(klE+EFd)Aj(k!E)

X[Ne(E—pj) —np(E+eFd—puj.q)]. 2
Heree is the electron chargd is the sample area, ang is

the local chemical potential in wejl measured with respect

to the energy of the lowest levehg(&)=1[1+expEl
kgTe)], and T, is the electron temperatured denotes the
voltage drop per period. The spectral functio\(k,E) is

calculated for a given intrawell scatteririil;Scatt via the re-
tarded self-energ¥ "{(k,E):

-2 Im{Z"®(k,E)}
(E—Ex—Re[X"})2+(Im{Z"})?

uj is related to the electron density in well j, via the
relation

A(k,E)= 3

n;= f dEp;(E)Ne(E—py) @
with the density of states
2

where the factor 2 reflects the spin degeneracy.

In our microscopic calculation we proceed as follows:
First we determine the coupling, as well as the Wannier
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FIG. 1. The self-consistent single-site approximation. The
dashed lines indicate impurity potentials and the double lines de-
note the full Green function.

different approaches, the random-phase approximation
(RPA) for a free-electron gas and the Thomas-Fermi ap-
proximation (TF) using the actual density of states at the
Fermi level(see Appendix € Using the calculated spectral
functions A(k,E), the chemical potential is determined by
settingn;=Np in Eq. (4), whereNp, is the doping density
per period. Finally the current is calculated from E#g).

Note that all quantities used in the calculation are defined by
the sample parameters and no fitting parameters are used.

IIl. PHENOMENOLOGICAL DESCRIPTION

In this section we want to provide some insight into the
question how scattering affects the transport. Using a con-
stant self-energy we derive some simple expressions for the
current-field relation which will help to understand the full
calculations presented in subsequent sections.

As mentioned in Sec. |, the level broadening essenti-
ally determines the transport in the sequential limit. This
can be easily seen in the limit of vanishing scattering.
Then the spectral functions becon#efunctions, A(k,E)
=278E—E,). In this case the current vanishes feFd
#0. (In addition, further resonances may occur at finite
fields, when the lowest level is aligned with higher levels in
the neighboring well, which are not considered he#ss-
sumingeFd=0, we rewrite Eq(2) as follows:

2 0
Jj—>j+1:ezljiwdE<Aj+l>(E:F)Pj(E)[nF(E_Mj)

ne(E+eFd-py. )], ®)

with

fgd EkA](k,E)A]+1(k,E+eFd)
T5dEA(K.E) ’

(Aj+)(E,F)= (7)
where we used Eq5) and performed the continuum limit.
Now let us assume a constant self-ene¥di(k,E)=—iT'/2

in Eq. (7) for the sake of simplicity. Then the spectral func-
tions become Lorentziand\(k,E)=T/[(E—E,)?+T?/4].
Extending the lower integration te «, we obtain

2r

(eFd)2+T?’ ®

<Aj+1>:

functions ¥ (z—jd) for the given superlattice parameters which only depends oft. Note that this simple model with
(see Appendix A Then we calculate the self-energy a constant self-energy cannot be used in the calculation of
3."®(k,E) for impurity scattering using the self-consistent the density of state) as the integral for the electron den-
single-site approximation shown in Fig. 1. The respectivesity (4) diverges in this case. Therefore we use the free-

formulas are given in Appendix B. The matrix element for electron
impurity scattering is calculated from the Coulomb potentialpg=
of the individual ionized donors. Screening is treated in twou; =

density of states pj(E)=po®(E) [with
m/(74?)], and obtain, for equal chemical potentials
Mj+1= M
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T2 2T efrd Np = 5x10'/em?
J(F)Zepoz (eFd)—Z—f—]"z,L dEn:(E—p). 9 R0 Np = 1x10'Vem?
7 ----Np = 2x10'%cm?
For low electron temperature and voltage drop & 0.5 No=1x10%ent’ L
(kgTo,eFd<u), we find s e
. T2 2rerd 10 00357
®h (eFd)2+T?
Thus, we recover an Ohmic behavior for low fieElBd<T", FIG. 2. Calculated density of states in units of the 2D free-

a maximum ofJ(F) at eFd=T, and negative differential carrier o_lgnsityp0 using RP_A screenipg. The vertical lines indi_cate
conductivity foreFd>T". Equation(10) has been essentially the _posmon _qf the chemical potential far=0 at the respective
used in Refs. 10 and 11 for the determination of scatterin§©Ping densities.

ratesl’/# from tunneling between two two-dimensional elec-

tron gases. Similar models using a phenomenological broadiifferent wells is found to be negligibly small. In this section
eningl” were applied to sequential tunneling in superlatticesscreening is treated within the RPA, assuming a free-electron
in Refs. 20 and 26. The current at the maximum is given byjas.

r :
Jmax:J(e—d) =€po- 1y A. Density of states
which is independent of doping, scattering, and temperature !N Fig. 2 we show the resulting densities of states for four
in the limit of x>eFd,kgT, considered here. different doping densitie®. For high Ny the density of

If ksT. becomes of the order ofsx the factor states exhibits a monotonic increase frpm0 atE<E,,, to
fSFddEnF(E—,u) in Eq. (9) is smaller thaneFd, and we P~ Po for E—~«, whereE,,, denotes the lowest edge of the

obtain a decrease of the current with temperature. Here wgeNSity of states. In contrast to this, the density of states
have to take into account the temperature dependence of ti3€!1tS into two parts for small dopingi(E) takes finite val-
chemical potential x. From Eq. (4 we find uesina c_:ertam region b_eIoE/=0, WhICh we will _refer_ to_ as
1+ exp(u/ksT) =exp/pgksT,). This gives a zero-field con- an |mpur|ty_ band. For higher energip$E) is quite similar
ductivity to the density of states of the fre_e—glectron gas. These results
are in good agreement with the findings of Ref. 14. The onset
dJ 2e2p, dTi n of the impurity band occurs at slightly Iarger_ energes,

aF =% T 1—exp( T T ” (12 here, as the wave functions are less confined due to the

IF=0 Po¥ele spreading into the barrier which was neglected in Ref. 14.

which is almost constant fokgT,<n/p, and drops as We also marked the positions of the Fermi le&&l (i.e.,
1/kgT, for large temperatures as observed experimentally ithe chemical potential fof.=0). For low densities the po-
Ref. 27. For completeness, we give the result in the highsition is just in the middle of the impurity band, indicating

temperature limit kKzT.>eFd,n/pg) that the impurity band consists of exactly two states per im-
purity due to the assumed spin degeneré€iis degeneracy

en T2 2leFd would be lifted if spin-resolved interaction was taken in ac-
J(F)= (13)  count; also see Appendix BFor high densities the position

h 2, 12’
KeTe i (eFd)?+T of EF roughly equals the Fermi level of the free-electron gas

which follows directly from Eq.(9). It is interesting to note No/po- Theo crossover begween these two limits occurs at
that Eq.(10) is identical to the current-field relation calcu- No~5%10'%m?, whereE"~0. o

lated for miniband conductidA using a constant scattering _ The respective spectral functions are plotted in Fig. 3. For
time #/T" for u>2T, andkgT.=0. Equivalently, Eq(13) E=5 meVA(k,E) resembles a Lorentzian centered close to
was obtained from miniband transport in the limit Ek=E. This is the generic behavior of a free quasiparticle
kgTo>2T,,n/po as well?® This shows that the models of with a finite lifetime due to scattering. The width of the
sequential tunneling and miniband conduction give the sam@pectral functions is increasing with doping due to the en-

results provided either the electron temperature or the eledlanced scattering. We find a full width at half maximum
tron density are |arge_ I'=0.5 meV for NDW]_X 1010/0m2 and I'=5 meV for

Np~1x 10"%cm?, which are in the range of the calculated
values of—2 Im{%(k,E)}.

For E=—5 meV the spectral functions exhibit a mono-

As a model system we choose anyAGa, /As-GaAs su- tonic decrease. For high doping the slope is comparable to
perlattice with barrier widttb= 10 nm and well widtw=10 the slope aE=5 meV. In contrast to this, the spectral func-
nm. We use the conduction-band offset 240 meV, and th&ion for E=5 and —5 meV are entirely different for low
effective massem,,=0.067n, andm,=0.0919n, (Ref. 30 doping, indicating that two different types of states occur.
in the Kronig-Penney model, vyielding a coupling While the states forNp=10'%cm? are essentially free-
T,=—0.0116 meV. We assumé& doping in the middle of particle states alE=5 meV, they are localized in space for
the quantum wells. The interaction with impurities located inE=—5 meV, which is the signature of an impurity batd.

IV. RESULTS FOR RPA SCREENING
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FIG. 5. Explanation of the two different current maxima within
FIG. 3. Calculated spectral functios(E,k) vs E,=%%k?2m 5 sketch of the conduction-band profile) For low temperatures
using RPA screening for different doping densitie§at5 meV(a)  the electrons occupy the impurity batilack area As these states
and 5 meV(b). exhibit a flat spectral functiopsee Fig. 80)], they contain contri-
butions from essentially ak vectors and thus tunneling into the
B. Currents free-particle states is possible at all energies. Maximal current is
found when all states from the impurity band can tunnel into the
free-particle states, i.eeFd~|E,|. (b) For high temperatures, the
&Iectrons occupy the free-electron states as \itbk grey scale
indicates the occupation given by the Fermi-functiorhe spectral
function A(k,E) of such a free-electron state with given wave vec-

We calculate the current densitids . ;(eFd) for dif-
ferent electron temperaturds from Eq.(2). The results are
shown in Fig. 4. For all temperatures and densities we fin
an Ohmic range for low electric fields and negative differen-
tial conductance for high electric fields. Let us first regardtOIr Kk is peaked aroun&=E, as shown in the figure. Due to

the high doping casgFigs. 4a)_4_(c)]’ W_her_e no impurity conservation, tunneling can only take place if the spectral functions
bands form, and where the Fermi level is significantly abovg, ihe samek of both wells overlap. On the other hand, a net

E=0. In this case approximatio®) is justified, and indeed  cyrrent is caused by the difference in occupation. This competition
we find a maximum at values efF-d which are in the range yesuits in a current maximum f@Fd~T as shown in Sec. Ill.
of calculated values df = —2 Im{2"®(k,E)}. The height is
estimated byd,,.,—=0.91 A/cn? from Eq. (11), which is in
good agreement with the full calculation &=4 K. Note
that the maximal current is almost independent on the doping
in this range. FoNp =5x% 10'Ycm? the chemical potential is
larger thankgT, for all temperatures. Thus the current is
hardly affected by the temperature. In contrast to this, the
current drops with temperature for lower doping
(Np=10"%cm?). All these findings are in good agreement
with the phenomenological description using a consiant
discussed above.

For low-doped samplesee Figs. &) and 4f)], another
scenario occurs. Here we find two different maxima in the

current-field relation whose relative weight is changed by

WO T 5 " » A temperature. The reason for this behavior is the presence of
eFd [meV] eFd [meV] impurity bands for these doping levels. Fiy=4 K we find
J@ No = 10*em? 1o Np = 10"/em? a maximum ateF,d~8 meV. This is due to tunneling
from the impurity band to the free statesee Fig. §)]. The
maximum occurs at the energy where the bottom of the im-
purity band in one well is aligned with the band edge of the
free-electron states in the neighboring well, i.eFygd
~|Eminl- An increasing temperature leads to a transfer of
electrons from the impurity band to the free-electron states,

FIG. 4. Calculated temperature dependence of the current-fiel@nd consequently the current @Fpq,d decreases with in-
relations for different doping densities. The screening is treatedtreasingT.. The density of states in the impurity band is
within the RPA. much lower than in the free-electron states, and hence the

151 (a) Np = 5x10'/em? 087 (d) Np = 5x10'%cm?

157 i) Np = 2x10'/em?
Tk

5 1
eFd [meV] eFd [meV]
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(@) Np = 5x10"/cm? () Np =2x10"%cm*

104"Ne= 5x10"/em? _
R Np=1x10tem? [ 7 - 1.0
4 ----Np = 2x10'%cm? T
N 10/, 2 3
& 05 Np = 1x10"em? o5 m
o e ]
1 T T n 2 Y T 5 T 5 %
00— N ¢Fd [meV] ¢Fd [meV]
-20 10 20 1'0: (b) Np = 10"/em? 0‘25: ) Np = 10"em?
E [meV] 0.8 — L=tk 0.209 — L=k
d e N\~ T=30K 1 —— T=30K
. . . 0.6 0.151
FIG. 6. Calculated density of states in units of the 2D free car- Boal ]
rier densityp, using Thomas-Fermi screening for different doping 502_
densities. . :
0.0 T T T T T J
5 10 15 20

.. . . eFd [meV] eFd [meV]
majority of the electrons will be in the free-electron states for

kgTe=|Emin| [See Fig. B0), where the grey scale denotes the  FIG. 7. Calculated temperature dependence of the current-field
relative occupatioh The current contribution due to the free- relations for different doping densities using TF screening.
electron states can be understood within the phenomenologi-

cal constanf approach. There is a maximumedf,,,d~T",
which coincides with the full width at half maximum of the
spectral function aE=5 meV in Fig. 3. The amplitude of "
this maximum depends on two competing effects: On the onQOth densities. - L
hand, the occupation of the free-electron states increases Therefore we conclude t'hat within both .approxmatlon's
with temperature. On the other hand, the Fermi factor in Eq.Or screening the. two maxima are determined by specific
(9) strongly decreases with temperature. This explains thduantities describing the scatterirgf,d reflects the aver-

calculated behavior, where the peale&,,d takes its maxi- 29€ broadening" of the free-particle states, araFygd is
mum at intermediate temperatures. the energy separation between the onset of the impurity band

and the free-patrticle states.

which increase$’. Second the peak &gy, is shifted to the
right compared to Fig. 4. Again we finelFpqd~E, for

V. RESULTS FOR THOMAS-FERMI SCREENING

, , , _ _ VI. COMPARISON WITH EXPERIMENTS
The properties related with the formation of impurity

bands are sensitive to the actual screening of the Previously,” the formalism was applied for the highly
interaction'® For low doping densities the density of statesdoped sample Np=28.75<10'/cm?) of Refs. 31 and 32.
differs essentially from the free-electron density of states an€00d quantitative agreement with the experimental data was
thus the use of RPA screening by a free-electron gas is quefound, albeit using a barrier width being 10% smaller than
tionable. In order to take this effect into account we use théhe nominal value(A similar width had been used in the
TF approximation with the actual density of states at theoriginal analysis by the experimentalists as WéliThe po-
Fermi level(see Appendix €in this section. Of course nei- sition of the first maximum occurred a&Fd=13 meV,
ther the free-electron RPA nor the TF approximation treawhich is almost independent of the barrier widgivhich
the screening entirely correctly, but we hope to obtain soménainly changed';) and in excellent agreement with the ex-
insight into the general features by comparing these two apeerimental finding. The second resonance, as well as the for-
proaches. mation of field domains, was also studied in Ref. 12, and
In Fig. 6 we show the resulting density of states which isagain good agreement with experimental data was found.
in qualitative agreement with the results of the RPA screen- A low-doped superlattice Np=6x10"cm?, b=5 nm,
ing (Fig. 2). For Np=5x 10%cm?, the density of states is w=15 nm,A=8 um?), with N=10 wells, was used in the
almost identical, while for lower densities some deviationsexperiments of Refs. 18 and 19 in order to study the trans-
occur. Especially the onset of the impurity bafg},, is  port under strong THz irradiation from a free-electron laser.
shifted to lower energies for TF screening. Furthermore thé\dditional data for this sample will be given in the follow-
impurity bands extend over a larger energy range and haveiag. Without irradiation a broad maximum was found in the
lower density of states, so that the total density is conservedange 50 m\& U <100 mV, where the current is almost con-
The reason for these deviations lies in the fact that TFstant. ForU>100 mV, domain formation sets in. Dividing
screening is less effective than RPA screening if the actudby the number of periodd\= 10), the maximum extends to
density of states at the Fermi level is used. Therefore botleF,yd~10 meV. In contrast to this, the photon replica un-
the binding energy of the impurities as well as the broadender strong THz irradiation could be consistently explained
ing of the states become larger. by assuming an “instantaneous” current-voltage charac-
This manifests itself in the calculated current densitiegeristic® with a distinct maximum atU~20 mV (i.e.,
(see Fig. 7. For high doping(a), the characteristics are al- eF;,d=2 meV).
most identical, while for lower doping deviations occur. At  We calculate the current-field relation for this superlattice
first, note that the maxima due to tunneling between freeusing the experimental sample parameters. In order to model
electron stategthe maximum forNp=10'Ycm? as well as the homogeneous doping we use eight equally spaced
the maximaF q,, for Np=2x10'%cm? andNp=10'%cm?) o-doping layers per period. The calculated density of states
are shifted to the right according to the stronger scatteringfor both RPA and TF screening is shown in Fig. 8. The
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i 2'5: (a) . —-—-T=4K
P I ——-T=15K
2.0 / T N e T.=30K
4 K E \ —T.=50K
— 1.5 i lligh\
<E -
OO T T ¥ T T T I..‘I. T T T T T T T 1
-10 -5 0 5
E [meV]

FIG. 8. Calculated density of states for the sample parameters of
Refs. 18 and 19 using RPA screeniffgll line) and TF screening
(dashed ling

/ Az
density of states resembles the result for low doping found :LEL 10: A ‘ \l‘\\\
before. Nevertheless we do not find a separation between the 051 # RN
impurity band and the free-particle states. The reason is the _//// el
homogeneous doping: The different impurity positions have 00+
different binding energies which smear the impurity band. 0 3 oFd [rrllgV] 15 20

Again the onset of the impurity band occurs at significantly
lower energies within the reduced Thomas-Fermi screening. FIG. 9. Calculated temperature dependence of the current-field
Both values of E,;| are smaller than the corresponding val- relations for the sample of Refs. 18 and 19. The screening is treated
ues for low doping for the calculation done bef@see Figs. within the RPA(a) and within the Thomas-Fermi approximation

2 and §. This is due to the larger well width in the sample: (b).

The Wannier states are less localized and therefore the

matrix-element for impurity scattering32) as well as the  gjements and spectral functions are directly calculated for the
binding energy of the impurity levels is smaller. __. given sample parameters as outlined above. Let us first focus
The results for the current-field relation are shown in Fig.g, the low-field region. Fou < 10 mV the experimental data

9. Again we find two maxima whose relative height changes, ¢ i good agreement with the calculated currentdfor 4

with temperature. The position of the maximum for low tem- - the” experimental lattice temperature. With increasing

peraturese Frgd, is almost identical to the value ¢Eminl  pjas, the experimental data leave the 4-K curve and follow

for both types of screening like in the calculations ShOW”theT =35 K curve at the plateau between 50 and 100 mV
. .

before. This can be understood by electron heating inside the

Now we can offer an explanation for the two different s;mple: For a voltage drop of 8 mV per period and a current
maxima occurring in the experiméft® with and without of 0.6 A the Joule heating i®~ 10 pW per electron. In a

irradiation mentioned above. For low electron temperaturegg ant transport experiment, a distribution function with

and without irradiation, the maximum atF,;;d dominates T.~40 K was observet for this amount of heating, albeit
the transport, and thus domain formation sets in at VOItageﬁging a sample with higher doping. This shows that the elec-
exceedingU~NeF,qd, where N=10 is the number of % emperature strongly deviates from the lattice tempera-
wells. If the THz radiation is present, the electrons are eXy e in the experiment considered in good agreement with
cited from the impurity band into the free-electron states COlyur findings. AtU>100 mV, the homogeneous field distri-
responding to a larger effective electron temperature. Thus '
the maximum atJ=NeF,,d is dominant, and the photon

replicas corresponding to this feature are seen experimer 104
tally. The experimental values therefore suggesty,d=10

meV andeF,,d=2 meV, which is in excellent agreement

with the calculation using Thomas-Fermi screening. This in-

dicates that the RPA, using a free-electron gas, overestimatez‘ 15
the screening in low-doped samples. The Thomas-Fermi ap=,
proximation with the actual density of states at the Fermim N
level seems to reproduce the experimental results better i 0.1}
agreement with our argumentation in Appendix C. Therefore
we will use it in the following for comparison with the ex-

periment. 0.01 T T T | T T ——
In Fig. 10 we compare the calculated currents with the 0 200 400 600 800
experimental current-voltage characteristic without irradia- U, NFd [mV]

tion in a wider range of fields. Here we included the reso-

nance arounegFd~50 meV between the lowest level and  FiG. 10. Experimental current-voltage characteristic without ex-
the first excited level as well. The calculation of the corre-teral irradiation together with calculations for different electron
sponding current is completely analogous to E); for de-  temperatures. In the calculation we estimate the biadByl as-
tails, see Ref. 7. Note that there are no fitting parametersuming a homogeneous field distribution and neglecting potential
involved in the calculation — all quantities including matrix drops in the contact regions.
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; _ _ _self-consistent calculation, or by the presence of a contact resistance which
AN Born approximation may limit the experimental conductance.

1000____\ ——selfconsistent i Thus we may conclude that the results of our calculations
ESERN gle-site approximation . . . .
ENY . are in good e}greement with experlmental data bot.h for high

= T O\ experimentaldata and low doping. Nevertheless, a direct observation of the

E N two-peak structure is not available so far.

81003 )

‘g T VII. PHOTON-ASSISTED TUNNELING

o

§ T The standard theory of PAT considers tunneling between
10“ *x two reservoirs between which a dc voltagé 4 is applied.

Fr— . Let us denote the current-voltage characteriski&/) with-

0 20 4{3[K]60 80 100 120 out irradiation byl %(AU4). Under irradiation an additional

ac biasU=AU_cos(2mit) is induced between the reser-

FIG. 11. Temperature dependence of the zero-bias conductan®®irs. Then the time-averagdeV is given by

for the sample of Refs. 18 and 19. Full line: calculation using spec- "
tral functions from the single-site approximation and TF screening. ire 21 ddl v
Dashed line: calculation using spectral functions from the self- l (A'Jdc):|=§;Dc [Ji(a)] AUdC"'? J (14
consistent Born approximation. Crosses: experimental data.

where a=eAU . /(hv) andJ, is the ordinary Bessel func-
bution becomes unstable, as the region of negative differeﬁlon of orderl. Thus, the Curren.t under irradiation is given as
tial conductance is reached and electric-field domains form@ Sum over the photon replicasAUqc+lhv, where the
causing the sawtooth shape of the characteriste Ref. 7, alignment of the wells is shifted by integer muI_tlpIes of_ the
and references cited therginFor U>450 mV one can Photon energy. The great advantage of Er) is that it
clearly see the resonance between the lower level and t Presses all transport properties in terms_lﬁ?(AUdc). :
first excited level in the well which is located 48 meV above. quation(14) has been applied to photon-assisted tunneling

the ground level. Again the calculation exhibits two different' weakly coupled superlattices by identifyingU g.=F q.d

peaks depending on the electron temperature due to the df@ind AU,=F,d, whereF, is the field component of the

ferent occupation of the impurity bands, although only themwrowave field in the growth direction of the

i ) superlatticé®!"1° Note that Eq.(14) also holds within a
high-temperature result should be meaningful due to th?niniband model foistrongly coupledsuperlattices®

heating of the carriers. Th(_e peak height of around4A is In Refs. 18 and 20 the®(eF,d) curve was calculated
in excellent agreement with the value of 13#A found  phenomenologically, and a qualitative agreement with the
experimentally for our sample. The experimental peak posigyperimental data could be obtained. To refine the theory we
tion is located at a h|gher bias. This may be due to a Voltaggse the results of our microscopic Ca|cu|ati@ee F|g 1@
drop in the receiving contact, where a low-doped spacepere. As the external irradiation heats the electronic distribu-
layer of deonac= 50 NM thickness exists. If the electric field tion for zero bias as well, we use the curve Toy=35 K. At
inside the sample is large, it cannot be screened within théhis electron temperature about 50% of the electrons are oc-
spacer layer, and the effective field inside the sample igupying the states in the impurity band. Of course the actual
U~ (Nd+deonag F instead ofU=NFd as assumed in the electron distribution may deviate from a Fermi distribution
figure. under the strong irradiation. Nevertheless we expect that an
In order to circumvent the problems of electron heating,effective temperature approach gives a reasonable descrip-
we investigated the temperature dependence of the zero-biéien of the excited carriers. Further calculations show that the
conductanceG=dl/dU, where T, should be equal to the results forT,=30 or 40 K do not differ qualitatively. Quan-
lattice temperaturd. The results are shown in Fig. 11 both titative agreement between thediyig. 12a)] and experi-
for our full calculation using TF screening as well as for ment[Fig. 12b)] is found forhvy=6.3 meV (1.5 TH2 for
spectral functions calculated within the self-consistent Borrdifferent strengths of the laser field. We find a direct tunnel-
approximation(B7), where no impurity bands form. In the ing peak atUg,=NF,,,d~20 mV and photon replicas at
latter caseG is monotonously decreasing i as shown in  U~Ugy,+Nhv/e=83 mV andU~Uy,+2Nhv/e=146 mV.
Fig. 11. This can be easily understood within the phenomPhoton replicas of the second peak arousBy,y,d~ 100
enological constank- approach, Eq(12). However, a differ- mV are less pronounced as this peak is broader. Our calcu-
ent scenario emerges if the electrons occupy impurity bandstions show that they become visible if larger photon ener-
for low temperatures. The@ is strongly suppressed due to gies are used. For low bias and high intensities there is a
the small values of\(k,E) for E<0; see Fig. 3. As tempera- region of absolute negative conductahteyhich we focus
ture is increased, more electrons are excited to the freesn in the following.
electron states, an@ increaseswith T until the impurity In Fig. 12d) the laser intensity has been tuned such that
bands are almost empty la§T~ |E,;,|. This physical picture maximal absolute negative conductance occurred for each of
is confirmed by the experimental data shown in Fig. 11. Atthe different laser frequencies. Then we observe a minimum
low temperatures, the agreement is quantitative, while at inin the current atJ~ — U y,+Nhv/e, which is just the first
termediateT the theory overestimates; this is most likely  photon replica of the direct tunneling peak on the negative-
due to additional scattering processes not included in oubias side. This replica dominates the current if the direct
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sequential tunneling. Our calculations give negative differen-
tial conductance for all doping densities and temperatures at
sufficiently large electric fields. This will give rise to insta-
bilities leading to domain formatidh®” or self-sustained
current oscillation4. Within the full transport model using
Eq. (2), these effects are discussed in Ref. 7.
_ For high dopingNp=10'%cm? or high temperatures
N hves. 0 meV kg T=|Enmil, the electrons mainly occupy free quasiparticle
hv=5.3 meV states. Then the general behavior can be understood within a
. > L [ hv=6.3 meV phenomenological model using a constant self-energy
0 100 200 0 100 200 —il'/2. The current exhibits a maximum afFd~I" which
NFd (mV) can be used to investigate scattering processes. For doped
samples, impurity scattering is an important scattering pro-
- () cess which we considered here. The inclusion of further scat-
tering processes like interface roughness scattering, electron-
electron scattering, or phonon scattering will increBsand
therefore the position of the first peak.

For low-doped samplel,<10'Ycm? and low tempera-
tureskg T<|E,ii| the presence of impurity bands influences

0.6 (a) hv=6.3meV - (¢) =24

I (nA)

hv=3.5 meV

& hy=40meV significantly the low-field transport. Then a second maxi-
o2k | ° fv=53mev mum ateFpqd~|En| occurs. This maximum provides a
s X hv=6.3meV e L . .
. L . , ! : possibility to obtain information about the position of the
0 100 200 0 100 200 impurity band. This position depends strongly on the screen-
bias ( mV ) bias ( mV ) ing as can be seen by comparison of the calculations within

the RPA and TF approximation. Therefore such experiments

FIG. 12. Current-voltage characteristics under irradiati@. could serve as a test on various models for screening. For the
Theoretical results fohv=6.3 meV and different field strength sample considered herg,,, calculated within the free-
eF,d=ahv of the irradiation(b) Experimental results fd1v=6.3  particle RPA is too low compared with the experimental on-
meV and different laser intensities increasing from the top to theset of domain formation. In contrast, the result using TF
bottom. The actual valuds,. inside the sample are not accessible. screening gives excellent agreement with the experimental
(c) Theoretical results for= 2.4 and different photon energies. The gata  This indicates that screening within the free-particle
thin line depictshy=5.3 meV anda=2.1.(d) Experimental results RPA is too strong for low-doped samples.
for djfferent photon energies. The laser intensity was tuned to give Furthermore it would be interesting to see if effects due to
maximum negative conductance. spin splitting of the impurity band are visible in experiments.
tunneling channel is suppressed close to the zet(@f) in ~ These experiments can be both carried out in doped super-
Eq.(14), i.e., a~2.4, as used in the calculati¢Rig. 12c)]. lattices as well as in resonant tunneling between neighboring
Both the theoretical and experimental results show that abwo-dimensional electron gases in the spirit of Refs. 10 and
solute negative conductance persists in a wide range of fretl. The latter has the advantage that problems due to domain
guencies but becomes less pronounced with decreasing phimrmation in the region of negative differential conductivity
ton energy. In the calculation absolute negative conductancare absent. An important aspect in such experiments is the
vanishes fohr<1.8 meV, which is approximately equal to problem of electron heating as the temperafligerefers to
hv=<eF,,d. The latter relation has been verified by calcula-the temperature of the electronic distribution. In order to
tions for different samples as well. Fdrr=5.3 meV a avoid heating, structures with thick barriers should be used
smaller value ofa=2.1 (thin line) agrees better with the where the Joule heating becomes small.
experimental datfin the same sense the valae- 2.0 agrees For external irradiation we have demonstrated both ex-
better forh»=6.3 meV; compare Fig. 1B)]. This may be  perimentally and theoretically that absolute negative differ-
explained as follows: If strong NDC is present in doped su-ential conductance persists in a wide range of frequencies
perlattices the homogeneous field distribution becomes urhy=eF,,,d. The calculated current-voltage characteristics
stable and either self-sustained oscillations or stable field d(are in excellent quantitative agreement with the experimenta]
mains form3.5 Then thel-V deviates from the relation for data using a microscopica”y Ca|cu|ateqf(e|:d) combined
homogeneous field distribution, wheté=NFd, and typi-  with the Tucker formula14). Recently, the same model was
cally shows less pronounced NDC. Therefore maximal negaapplied to photon-assisted tunneling in a different sanfple,
tive conductance is observed at a laser field corresponding #hd quantitative agreement achieved as well. This shows that
a value of@<2.4, where the NDC is weaker and the field the simple Tucker formula allows for a quantitative descrip-

distribution is still homogeneous. The presence of an inhotion of photon-assisted transport in weakly coupled superlat-
mogeneous field distribution could explain the deviations betjces.

tween theory and experiment far>150 mV as well.
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APPENDIX A: CALCULATION OF THE 2 (kE)= Ekzl Vaik—k)G(ky, E)V5ik,—k)
TRANSITION ELEMENTS
In a superlattice structure the coupling between neighbor- + i 2 VS(k—kq)G(ky,E)VSik; —ky)
ing wells T, is related to the dispersion relatid&{q) of the ASKik, ! el
miniband(see Ref. Y via
- m iqd
T 27 _W/dqu(q)e ' (A1) where G(k,E)=[E—E,—3"{(k,E)] ! is the full retarded

. . . Green function, and
For a next-neighbor tight-binding model we have

E(q)=—(A/2)cosfd), and T, is equal to a fourth of the

miniband widthA. Here we calculat&(q) for a given su- 3(k,E)=2> S.(k,E) (B4)
perlattice via the Kronig-Penney model for the respective “

sample parameters. Furthermore we determine the Wanniel the sum over all contributions. In case éfdoping the
functions W(z—jd) localized in well j from the Bloch-  jmpuyrity potentials(B2) from different impurities located in
functions ¢4(2), where we choose the phase of the Blochine same well differ only by a phase factor, and the sum over
functions such that the Wannier functions are maximally, can pe replaced by a multiplication with the number of
localized®* These Wannier functions are used for the Calcu‘lmpurities per layeNpA. Equation(B3) can be transformed
lation of the matrix elements for scattering. to the self-consistentDequaticﬁaee, e.g., Ref. 13

APPENDIX B: CALCULATION OF THE SELF-ENERGIES 1
Ka(ke, K, E)=Vaik—k)+ 22 Veiky—ko)
We assume that the electron density in the conduction At
band is prpwded by .d.oplr)g of t'he superlattice. Thus scatter- X G(Ky, E)K (K, K, E), (B5)
ing at ionized impurities is an important scattering process.

In addition, there may be interface roughness scattering, phQghich we solve numerically for a given self-energy function
non scattering, or electron-electron scattering, which we wil "e(k,E) entering G(k,,E). We parametrizek,,k by

neglect i_n the following. For weakly coupled. SL.JpeI'|attiCES,Ek JE,, andg=/ (k. ,k), and discretize the resulting equa-
the dominating scattering process occurs within the wells,. ™t
which are assumed to be identical. Thus the well indean

be omitted. Scattering at the ionized impurities is describe

tion. This gives a set of linear equations for the components
d)f K(Ekl,qb) which is solved by matrix inversion. Then the

by the Hamiltonian self-energy reads
|:|scatt_1 2 V] Tk k B1 1
TR, VAPa At By (kB =53 Vi k)G E)K (ki K E).
1
where the subscriptr denotes the impurity located at the (B6)

position (,,z,). The matrix element is calculated with the

Wannier functions, yielding Equations (B4), (B5), and (B6) have to be solved self-

consistently, thus determining the self-eneBf§i(k,E).

Our single-site-approximations neglects all contributions
from crossed diagram@eading to weak-localization effects,
as considered in Ref. 3%9as well as the spin-resolved
electron-electron interaction leading to the splitting of the
impurity bands(the Mott transition; see, e.g., Ref. 40he
latter may become important for very low densities when the

, impurity bands are narrow. Within this approximation for
f dz¥* (z) ¥ (z)e Pl Zle 1P e, >'(k,E), integral (4) is a well-defined quantity, as
Im{>"*(k,E)}=0 (and thusA(k,E)=0) for E<E .
(B2) Finally note that no impurity bands are found within the
Using the bare Coulomb interaction,(p), the relevant in-  Self-consistent Born approximation
tegrals in the self-energies are divergent. Thus screening is L
essential for the calculation. We treat screening within the _ s s
random-phase approximati¢gRPA) of the free-electron gas 2a(kE)= Ekzl Valk=ky)G(ky, E)V,iki—k),
as well as within an effective Thomas-Fermi approximation (B7)
(TF) (see Appendix € With the screened impurity potential
V3(p)=V,.(p)/e(p) the self-energy is calculated within the which is just the first diagram from Fig. 1.

va(p)=f d’rdze P * (2)¥(2)

4meseo\|r—rol*+(z2—2,)°
2

N 2€s€0p



APPENDIX C: SCREENING

In order to consider screening we have to include th
electron-electron interaction given by the Hamiltonian

. 1
ee_
H _ZAE

W(p)a'(k+p)a’(k’—p)a(k’)a(k),
k,k',p

(Cy
where the matrix element is calculated via
e2
W(p)ZZGSeopJ dzlf dz, V™ (z)W*(z,)
X W (z,)W(zy)e P22l (C2

Within the RPA, the screening of the impurity potentials is

described b$?
V.(p)
1-11°(p,0=0)W(p)

For a free-electron gas the two-dimensional vacuum polari
ability TI°(p,w=0) for T=0 is given by

k2 1/2
1- 4—2) ,
P

(C4

VRPA(p) = (C3)

I°(p,w=0)=—po

1—®(p—2kp)<

whereke=(27Np)*? is the Fermi wave vector.
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chemical potential which is significantly lower thag. Cal-
culations within the Born approximation show that the
dependence of the polarizability becomes weaker, and that
I1(0) decreases with increasing scatteffAd® In order to
accommodate these trends we make the replacement
I1°(k)—1II1* (k)= — p(EF), given by the calculated density

of states of Fig. 2 and the chemical potentialTat 0. Then

we obtain the screened impurity interaction

Vo(p)

V() =P
P o E W)

(CH

This is equivalent to the Thomas-Fermi approximation for
the screening. The same type of screening has been consid-
ered in Ref. 13 as well. Of course both ways of including
screening are approximations. In a full calculation the scat-
tering has to be treated self-consistently in the calculation of
the polarizability. Such a calculation was performed in Ref.
44 for a quantum wire within the restriction of a delta-

Zpotential for impurity scattering.

Equation(C3) only considers screening within the same
well. The extension to screening by electrons from neighbor-
ing wells is given in Sec. 6 of Ref. 7. The results are almost
indistinguishable for the samples with thick barrier width
considered in Secs. IV and Vsee also Ref. 12 for the
screened matrix elementsScreening by electrons from
neighboring wells becomes more important for a smaller bar-

Actually, the electronic states are affected by the impurityrier width as used in Secs. VI and VII, where the formalism
scattering, which may change the density of states dramatfrom Ref. 7 was used with the polarizati¢@4) for the RPA
cally as can be seen from Fig. 2. Now the polarizabilityand I1°(k) = — p(EF) for the TF case. The temperature de-
I[I(p=0) is related to theactual density of stateat the pendence of the screening is neglected in all calculations.

*Present address: Klarastr. 5a, 80636nkhen, Germany.
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