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Resonant photon-assisted tunneling between independently contacted quantum wells
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The line shape and magnitude of the low-temperature, photon-assisted tunneling current is examined in a
nonideal double-quantum-well structure with independent contacts. We include inhomogeneous broadening
effects due to processes such as heterointerface roughness or nonuniform doping and scattering by the short-
range potential. We show that the interplay between the inhomogeneous and homogeneous broadening mecha-
nisms can modify the line shape of the resonant tunnel current between a predominantly Gaussian and a
Lorentzian peak shape. Numerical estimates of the linewidths and comparison between amplitudes of the dark
and photon-assisted contributions to the tunneling current are presented. We conclude that the integrated total
photon-assisted tunneling current is maximized relative to the dark current when the inhomogeneous broad-
ening is minimized, while the peak current value depends both on the homogeneous and inhomogeneous
scattering processes.
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[. INTRODUCTION introduce and evaluate the general formula for the photon-
assisted tunneling current, based on a weak interwell tunnel-
Photon-assisted tunneling of electrons has been studied Ing approach. Numerical estimates of the line shape of the
superlattices, in double-barrier structurésand in tunnel- resonant peak are presented in Sec. lll, using a Green'’s func-
coupled low-dimensional heterostructures: double quanturion approach in the Wigner representation. The discussion
wells (DQW’s),? wires? and dots’ Recently, photon-assisted Of the assumptions used and the conclusions are given in the
tunneling processes have also been considered between ind@st section. We present in two appendixes a brief evaluation
pendently contacted quantum wélksee Fig. 1 This last of the Wigner representation for the single-particle Green’s
system is related to the 2D-2D tunneling transistor demonfunction, and we discuss the expression for the inhomoge-
strated in Ref. 7, so that this case may be considered as™ous broadening due to heterointerface roughness and to
phototunneling transistor. The results of Ref. 6 were derivedionuniform doping.
for the high-temperature case where the shape of the tunnel-
ing current peak is dominated by homogeneous broadening Il. PHOTON-ASSISTED TUNNELING
processes. Here, we consider the low-temperature case when
nonscreened large-scale variations of the coupled B%els We describe the interwell tunnel coupling using a one-
lead to an inhomogeneous broadening of the tunneling cuielectron matrix Hamiltonian written in a basis afand |
rent peak. The resonant tunneling current is expected to irerbitals as follows(see Ref. 8 for details
crease substantially in the low-temperature range, making

this case of interest for tunable detection of THz radiation. | A /2+ p2/2m+U,, T A A

In the present paper, we examine the line shape of the . =h+Toy,
photon-induced resonances in the tunneling current in non- T — A2+ p?2m+ U,
ideal DQW’s with independent contacts to each QW. The (1)

scheme of photoinduced tunneling is shown in Fig).1The
inhomogeneous broadening of the resonant tunneling curredfiéreéu and |l are used as labels for the upper and lower
induced by the large-scale variations of levels, which cannotells, respectively. Herg is the tunnel matrix elemends; is
be screened completelgee Refs. 8 and 10is taken into  the jth component of the Pauli matrbm is the electron
account in addition to the usual homogeneous broadeningffective mass, and the potential enerdigg describe both
due to short-range scattering. The interplay between thegbe short-range potentials responsible for the scattering and
two mechanisms of broadening leads to a change in the linthe nonscreened large-scale variations of the energy levels.
shape of the photoinduced tunneling current from a LorentThe interlevel splitting under an electric fiell, coswt
zian to a predominantly Gaussian shape. In this case, the tdipointing perpendicular to the QW plané given by A,
of the dark current is determined by the homogeneous broad=A + eE, Z coswt, whereZ is the distance between the cen-
ening while the amplitude of the photon-assisted peak is deters of the wave functions in theandl QW's, andA is the
termined by both mechanisms of broadening. Numerical edevel splitting without tunneling. The tunneling current den-
timates of the linewidth and comparison of the dark andsity J, (t) is written through the density matrix according
photon-assisted current are performed for the cases of inhgg
mogeneous broadening due to large-scale random variations
in the widths of the uppeu) and lower(l) QW's and due to 2le|T
nonuniform dopindsee the band diagram in Fig(hl]. J, ()= =——Sp(ayp)), )

The paper is organized in the following way. In Sec. Il we hL? Y
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FIG. 1. (a) Schematic view of an independently contacted DQW

structure under a transverse ac field gbgband diagram of the
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where 9 . .. means the average over the in-plane electronic

states in thau,| QW’s andé,-(t,t’) is the evolution operator
for the jth QW. Separating out the level splitting factor, we

write S;(t,t') in the form

. i [t
S;(t,t ):eXp(+ﬁft,d7AT e

—ihj(t—t")/h

(6)

photon-assisted tunneling process. One- and two-photon transitions

are shown on the right and left, respectivedy;, and e, are the
Fermi levels in the uppefu) and lower(l) QW's.

where L? is the normalization area and we have used the

interwell current operatote|(T/ﬁ)ay, see Ref. 11. Here

{{---)) means the average over the short-range and large-

scale potential variations andpS. . includes the average

over the in-plane electronic states in both QW's and a sum-

mation over the matrix variable.
It is convenient to separajg into the diagonal and non-

diagonal partg p,] and {pt}, respectively, and to transform
the equation for the density matrix into the systém

3[;%] [
ot

[ht Lpd]- + [ny{pt}]f

1%
{a’?}+ i {pg]-+ h[o-x,[ptn_

)

where| - -
tors. Since the tunneling curref®) is written through the

nondiagonal component of the density matrix, we can ex-

press{p,} through the diagonal componei,] as follows:
~ IT [t 1 A0t & N[~ ~ c "+
hd= | oveMSeap S @
Here 6— +0 andé(t,t’) is the evolution operator which is

determined by the equatiorh dS(t,t")/dt="h,S(t,t’) with
the initial conditionS(t,t)=1. After substitution of Eq(4)

into the equation fof p,], we obtain a closed system of

Here h;=p?/2m+U;,, and — and + correspond to the
and| QW's, respectively. The current density averaged over
one period J;=(w/27) ™% dtJ, (1), is obtained as

7l

s

X((spe'h urlh( p(0) A(O))e*iﬁ|f/h>>+c.c.

2lef [T\’ <
=1z i) &

k=0

5 f dredT (Al ko) T

(7)

after expansion of the field-dependent factor in &j.(with
Ji(x) the kth-order Bessel functignand after integration
overtime.

Using the eigenstates of thgh QW, ﬁj|j)\)=sj)\|j)\>,
and performing the integration overin Eq. (7) we present
Jt as a sum ok-photon contributions

- eE 7\ ]2
‘]T_ E o )

Jk

J(A+kho), (8)

-] stands for the commutator of the two opera-Where the current density(A) is given by

J(A)= —(2T) << > IUNUN)|28(e gy — &1y +A)
hL AN

><(f|<§’>—ffﬁ),)> >

This expression coincides with the tunneling current in the
absence of the oscillating electric fidlske Eq(8) in Ref. g|.

(€)

IIl. LINE SHAPE OF THE TUNNELING CURRENT

equat|ons for the diagonal components of the density matrix, Following the considerations in Ref. 8, we convert E9j.

pjt» With j=

distributions in theu andl QW's, p(o) Thus, the diagonal
part of the density matrix is written ap{®P,+p{¥P,,

whereP,=(1+¢,)/2 andP,=(1-¢,)/2 are the projection
operators.
By substituting Eq(4) with the equilibrium density ma-

trix into Eq. (2) and performing the summation over the dis-
crete variablg we transform the expression for the tunneling

current density into

u,l. We neglect any heating of the electrons by through the retarde(R) and advancedd) Green'’s functions
the photon-assisted tunneling and use below the equilibriunth the jth QW's, G

(x,x’), as follows:

JA—|e|T2fd O(eg—e)— O(ep,—e+A
( )_TrﬁLz e[0(ep—&)— O(epy—e+A)]

X(GR(X,X" )G, _ (X' X)), (10)
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wherer=1 for a=b andr=0 for a#b. Here we have 200
averaged over the short-range potentials inufadl QW's =03 (@)
with (- - -) denoting an averaging over the large-scale poten- N’é 1
tial. It is convenient to introduc&[.* in the Wigner repre- 2 3
sentation and to transform the last factor in EL) into the =
form ~

1.90

> <—1>ffdxf ® G (PG, s(p0)) Ty © T
abSRA (27Th)2 le\ My ug—A\Ms . (A-ho)ly (A+hw)ly
(11 FIG. 2. Resonant one-photon contributions to the tunneling cur-

) . , . . rent given by Eq(16) for the cases of absorptida) and stimulated
The Wigner representation for the Green’s functions is outgmission(b) processes. The three curves show the calcualted re-

lined in Appendix A. The result for the retarded function is gponse. The ratios of the inhomogeneous and homogeneous broad-
ening factors aré’/y=0.3, 1, and 3, respectively.

i [0 i .
GjRg(p,x)z gJ’deex%ﬁ(serij_S—')’j)T ,

2
12 J(A):2|e|<%) 5n(A)Reﬁowdte(“iA)“he*(“”l)z’z.
_n2 : P (15
wheree,=p“/2m is the kinetic energy. The advanced func-
tion is given byG,(p,x) =GR (p.X)*. where 6n(A)Ep2DIZEL+Ad8ZPZD[SFI_(SFU+A)0(8FU
Substituting Eq.(12) into Eq. (11) and carrying out the 4+ A)] is the filling factor, and the homogeneous and inho-
averaging over the large-scale potential variations we obtaifhogeneous broadening energies are introducedy=as,
+ 4 andT = {((w;,—w,,)?), respectively.
We restrict our treatment to the weak excitation case
a,bzR,A (= DYGLL(PX)G e a(PX)) |e|E, Z<%iw when the dark(photonlessk=0) and one-
photon k= *1) contributions are only essential in E®)

1 (o 0 (11t yura)l and  Jr=J(A)+(eE, Z/2h w)[I(A+ho)+I(A—tw)].

= ﬁf_xdle_wdee AR We consider below the vicinity of the photon-assisted peak
of the tunneling current, under the conditiqd =% w|

X{ei(sp_s)(Tl_72)/ﬁe_iA72/ﬁK_(7-1,7-2) <hw. Thus, the peaks which appear due to the absorption

(60— 8) (7ot 7o) /h ity and stimulated emission processesth k=1 andk=-1,
—elfpr TR 2K (11, )} +C.C., (13 respectively are described by IV =J(fw)+ (eE, 2/
. X2h0)2(A+Hiw) andI ) =J(~fw)+ (eE, Z/2hw)2I(A
whgre; the damping factors due to the Iarge-sca_le potentla_lﬁw). It is important tg note that under tt]e conditidm
variaions are  given by K. (7, m) =(exi(Wix1 512/ the tail of the dark contribution is determined by
Wy 7o)/h]). The averagzed re§Lﬂ13) does not depend on e homogeneous  broadening, so  thal(+#%w)
X, SO that we can sgitdx/L"=1 in Eq. (10). Performing the =2|e|(T/hw)?sn.y/h with the characteristic concentra-
integration over momenta after substituting Etf) into Eq. tions on. = on(A=+#w). Introducing the detuning ener-

(10} we transform)(A) to obtain giesA+%w, we describe the photon-assisted peaks as
follows:

T\?2 &F] 0
J(A)=le —) f dsf dtentr)th
(A) | | 7 P2bp epytA . J(:)22|e|(1)2 5n+y/_ﬁ_ ] (eELZ)Z
2t T h Y Fl 25w
x[em“ﬁK_(t,t)ﬂLi dreln =y 72
—2t 0
X J dtevt/h-<“/h>2’2cosm/ﬁiw)t]. (16)
x Ee—'m/ﬁ—iA(t—T/z)mK_ t+z,t—z) _m
T 2" 2 Here we use dng=pyp(epy—ep) With ep,—ep>|A
P _ r r +#hw|~T,y—i.e., conditions appropriate to a nonsymmetri-
-1 Ti2eURFIA(= TR | Sit=3 ] +c.c., cally doped DQW structure.
The spectral dependence of the photoinduced current is

(14) shown in Fig. 2 for a structure with parameters close to those
used in Ref. 7. We consider a GaAsjAGa, ;As-based
where P means the principal value. Under the conditionDQW structure, where the two QW'’s, each of width 120 A
gg;>v; and for the inhomogeneous broadening energy introand with carrier concentrations410* and 2x 10 cm™2,
duced below, we find that the integral oveiin Eq. (14) is  respectively, are separated by a 125-A barrier. The homoge-

negligible andJ(A) can be written as neous broadening energy is chosen to be 0.16 meV,
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well transition. This coupling efficiency will depend criti-
cally on the structure design and experimental arrangement.
We assume a polarized incident beam, with the polarization
vector lying in the plane of incidencéAny polarization
component perpendicular to the plane of incidence will lie in
the QW plane, and so not couple to the interwell transiion.
All of the incident beams can couple into the sample when
the beam is incident at Brewster’s angle<75° for a di-
electric constant of 13)5but less than 7% of the incident
power per unit area will then have the appropriate polariza-
tion to excite interwell transitions. The coupling efficiency
can be increased by a factor of order 5 by integrating a 45°
prism onto the sample surface with the prism refractive index
0 100 200 300 equal to that of the DQW sampt@to give a coupling effi-
ciency of over 33%. The power incident per unit area can
also be increased through use of an appropriate mirror, with

FIG. 3. Linear intensity dependence of the one-photon resonani%< Jg; beﬁazmtof :)rder 1 cnf, Séayf’ f(zlc_ll_.lhsed _(t)ntho aIdOt.)OS
currentsJ,.x Vs coupled pump power density under the conditions”™ ~* cm “ structure(see, e.g., Ref. 34Thus, it shou e

A—hw=0 (solid lineg andA +%w=0 (dashed linesfor the same possible to obse_rve a photoinduced response from a source
ratios of ['/y as in Fig. 2. of order 10 mW if a photinduced peak can be resolved with
an amplitude of a few percent of the dark current.

Pump, W/em’

equivalent to a mobility around 2@n?/Vs. We have plot-
ted the current density due to absorptjéig. 2(a)] or stimu- IV. CONCLUSION
lated emissior{Fig. 2(b)] processes under resonant excita-
tion with 2w=10 meV and with the coupling field in the
structure, E, =45 V/cm, equivalent to a coupled pump
power of 10 W cm?2. Note that the dark current is bigger

In summary, we have described the photon-assisted tun-
neling processes between independently contacted quantum
wells. Taking into account both the nonscreened random po-

. . I tential and the scattering due to the short-range potential we
z)srsi(; ?gg(gzjr\:'ehr:ltei;h; re(la?tlf\g? gggg'b_;ﬁgn r?:)tf)hne-agiosttoe r(1j have compared the dark and photon-assisted contributions to
tibuti e 99 d. t f_p qf the current. The tail of the dark current is determined by the
contributions 1o’y * are suppressed at a Tixed Irequency .asnomogeneous scattering processes while the photon-assisted
the relative contribution of inhomogeneous broadening in- eak is limited by the homogeneous and inhomogeneous
creases, although the integrated photon-assisted curre echanisms. This fact determines the sensitivity which may

would re_malrfl llinghanger(]zl for a br(f)adband r|]3ump. E)épl'c't be achieved by the phototransistor structure under consider-
expressions fol due to heterointerface roughness and noN+;inn  Numerical estimates of the THz photon-assisted inter-

uniform doping are presented in Appendix B: from BEB3) el current demonstrate the possibility to use an indepen-

we obtainl’, =0.39 meV for the one-monolayer variations of yeniy contacted DQW structure as a tunable far-IR detector,
the heterointerfacesjd=2.5 A, while Eq.(B5) gives'q  with the spectral characteristics easily varied by applying a
=0.32 meV for the case of a 2% variation in the donor conransverse gate voltage to change the peak absorption fre-
centrations placed outside theand | QWs. SinceJ{”)  quency. The detailed characteristics of such a degicise
«T2, both the photon-assisted and dark currents can be irfactors, contact phenomena, angle resolution,) eequire
creased by about two orders of magnitude in afurther consideration and numerical modeling, particularly in
GaAs/Al sGa gAs/GaAs-based DQW structure with the view of the recent demonstration of stimulated THz emission
same dimensions. in a quantum cascade structdre.

The one-photon approximation used in E#6) is valid We finally discuss briefly the key assumptions made in the
up to a coupled pumping level of the order of 100 kW#cm calculations presented here. The description of the tunnel-
for 10 meV photons; at this level, the arguments of thecoupled levels is based on a tight-binding approach, which is
Bessel functions in Eq8) become comparable with unity suitable for independently contacted QW's with a thick bar-
and consideration of multiphoton transitions becomes essemier. Both the quasiclassical consideration of large-scale in-
tial. Figure 3 illustrates the linear dependence of the peakomogeneties and the phenomenologically introduced homo-
currentsdmax, at A¥7Aw=0, versus the THz pump power geneous broadening in the Green's functio@4) are
coupled into the structure for the above presented parangenerally accepted approaches. A simplified consideration of
eters. One can see that the photon-assisted and dark currettie nonscreened potentials is performed in Appendix B in
are comparable for coupled pump levels of the order of 10@nalogy with Ref. 8 where a quantitative description for the
W/cn?, DQW conductance was performed. We have also used a local

The efficiency of a detector based on the photon-assistegpproximation for the large-scale inhomogeneities, neglect-
tunneling process in DQW's with independent contacts willing the drift contributions, as discussed in Refs. 8 and 10. We
be directly proportional to the efficiency with which the elec- consider the single-particle resonant response of the DQW
tric field of an incident terahertz beam couples to the interstructure, neglecting Coulomb effects due to the depolariza-
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tion field and exchange contributions. Although the effects ofwhere (w;,+w;,/)/2 is replaced byv;,. Under the condition
these two contributions will partially cancel each other, a(%/1,)%/8m<s we neglect the contributior V2 in the sec-
measurable shift of the transition energy is possible, but thend equation of Eq¥A3) so that the Green’s function then
amplitude of the absorption should not change noticeablyakes the form

(see Ref. 16 where the linear response was consigefed
nally, we consider the low-energy region, wheéeand7 w

are less than the optical phonon energy, and the low-
temperature case, so that elastic scattering and large-sc

potential variations are mainly responsible for broadening{Aa) due to the condition on the total ener§gp-V,)/m
X

the resonant transition peaks. . :
. A (Viwjx- V) (e + W) =0. Representing the denominator
The results presented here describe the factors determin- Eq. (Ad) as an integral over time we finally obtain Eq.

ing the line shape of the photon-assisted tunneling current i?12)
an independently contacted DQW structure, including a com-"""
parison of the photon-assisted and dark currents for the low-  A\ppENDIX B: INHOMOGENEOUS BROADENING

pump case. Further experimental analysis of this photon-

assistent tunneling current is now timely, to evaluate the We consider here the inhomogeneous broadening energy
prospect of using an independently contacted DQW structurE which appears in Eq(15) due to unscreened large-scale
as a tunable photodetector in the THz spectral region. variations in theu- andl-energy levels. These variations are
caused by such factors as heterointerface roughness and non-
uniform modulation doping. Following the considerations in
Refs. 8 and 10 we write the nonscreened potentidi as

We thank Science Foundation Ireland for supporting this

work. _
Wux= —Wx

p2 -1
GR(p.x)= St Wix—e—iyj| (A4)

aIl'ﬁis expression is also satisfied by the first equation of Eqgs.
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APPENDIX A: GREEN’'S FUNCTION whereag is the Bohr radius and the in-plane variations of the

| | he sinal il ) . u and | levels due to QW width fluctuationsd;,=d;
Below we evaluate the single-particle Green’s funct|on+5d_X, are given by

that appears in Eqg11) and (12) for the jth QW in the !
Wigner representation. After averaging over the short-range Oejx=2g;6d;,/d; . (B2)
potential we obtain the set of equations for the retarde
Green'’s function in the coordinate representation:

(B1)

QNe assume the fluctuations in the two QW'’s to be random,

uncorrelated, and of equal magnitude. We then obtain that
~ the broadening due to the heterointerface roughness is given
(hj—e—iy)GR(xX)=8(x—x"), by

_2\/§a5 5d
"Tagt2z d o

; o, — M2 i - . . . .
Here the Hamiltoniarh; =p?/(2m) +w;, includes the large-  here 5d is the averaged variation in well width ang is
scale potentiaiv;, andh/ acts onx’. After the change of the confinement energy of the lowest level.

(hf —e—iy)GR (XX )= 8(x—X). (A1)

(B3)

coordinates X+x')/2—x and (k—x')—Ax we introduce We also consider the inhomogeneous broadening energy
the Wigner representation as follows: due to nonuniform modulation doping. According to Ref. 18,
the Fourier component of the nonscreened potential due to
R i R AX AX variations in the donor atom concentration for flie QW is
Gja(p,X)ZJ dAxexp — 5p-AX|Gj| X+ == X= o, written as
we— 2Mia g (B4)
R AX AX dp [ R 19 P2b '
Gje| X+ 5 X——- =f —— 5 eXp 7 P-AX|Gji(p,X). ) _
2 2 (27h) h where a is the distance between the donor sheet and the

(A2)  two-dimensional electrons. Neglecting the influence of the

_ i i adjacent QW and considering the case of a correlation
Add_mg and s(ljJ_btractIEg iq;Al) aftt)er.the Wigner transfor- lengths longer tharg, we obtainwsz—énjx/pz_D. As a |

mation according to EqgA2) we obtain result, the broadening energy due to nonuniform doping

takes the form
VoNZ+ oN?
Iﬂd: V<WL21x>+<WI2x>: - ) (B5)

P2p

P
( — Vet wajx.vp> GR(p.x)=0,

( h2v2

am +8p+ij_8_iYJ)G'RS(D,X)=11 (A3)  WhereoN; is the averaged variation of the donor concentra-

tion in the jth QW.
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