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Transport mechanism of I'- and X-band electrons in ALGa; _,As/AlAs/GaAs double-barrier
quantum-well infrared photodetectors
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The effect of thel’- and X-band electrons in the Ab{G&, ;5AS/AIAS/GaAs double-barrier quantum well
(DBQW) is investigated by a microscopic empirical pseudopotential calculation. The DBQW structure used in
the calculation is designed as a 3B quantum-well infrared photodetector with an associated transition
energy of 313 meV. DBQW tunneling transmission Viaand X-like states as a function of electron energy
and applied voltage are described and compared to that in a single-barrier AlAs/GaAs quantum well. The dark
current is simulated by the confined ground-state electron tunneling out of the well. We find that, at high-bias
voltage, tunneling vi-like states increases the current by a few orders of magnitude. We have also varied the
additional barrier thickness and found that for a very #ir20 A) additional barrier DBQW, the excited-state
electrons are not blocked by theband barrier, and may give a high photocurrent without the assistance of the
X band, although the dark current also increaf86163-18206)01527-5

I. INTRODUCTION at zero voltage when the pressure brings hgaAs-
X(AlAs) offset to zerd>** Transport through various chan-
Quantum-well (QW) structures based on intersubbandnels, such ag™-I'-I', I-X-T', andI'-X-X, have been used to
transitions between confined states in the well-establishedemonstrate the current sourte:*>14-17
Al,Ga,_,As/GaAs system have been studied intensively for In the DBQW structure, calculations including-like
quantum-we” infrared photodetect@W|P) app|ication§-_ State tunneling giVG hlgher valley currents than the Single-
For a simple AlGa _,As/GaAs square well, the response
wavelength associated with the state energy difference can
be designed only to the limit of 5.6m at thel’-X crossover
composition of the AlGa _,As barrier’ With additional
thin AlAs barriers on both sides of the GaAs well, however,
the double-barrier quantum-welDBQW) response can be P
extended to shorter infrared wavelengths in the 32¢b- ~
band3~® The ultrathin and high Al content layers not only 3:
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push the excited-state energy higher, but also allow photoex-
cited carriers to tunnel through easily while ground-state tun- o L
neling is suppressed by the combined higher and lower o S ) LN 0\3628\/
Al,Ga, _,As barriers. The dark current for the bound-to- '
quasibound QWIP’s is therefore significantly redu¢éd. r-band 0.235eV

Although the full, indirect AlAs barrier can be reduced to
a minimum thickness, the influence of the band on the (a)
DBQW is evidenf8 We have therefore theoretically inves-
tigated the effects of th¥ path on electron transport in the 0.986eV
DBQW structure, and compared the result to that in a full
AlAs barrier QW. The nominal profiles are shown in Fig. 1.

The effects of single and double-barrier resonant tunneling
structures ornX-band channels through which electrons can
tunnel out of the well will first be described.

For an AlAs/GaAs single barrieX-band electron tunnel- o -
ing dominates when the barrier is thicker than 48 Bor an L L 3 3626V
Al,Ga, _,As barrier, withx increasing from 0.3 to 0.8, the ~  {7""""""°p [T/
effective mass derived from the tunneling current increases r—band 0.235eV
from theI'-valley electron mass to the transvetsesalley
electron mas$0.2).2° Due to the presence of a quasibound (b)
state associated with thévalley in the single barrier, nega-
tive differential resistance can be observ&df In a hydro- FIG. 1. T (solid line) andX (dotted liné conduction-band pro-
static pressure measurement, the differential current peales for (a) an Al ,<Ga, ;As/AIAs/GaAs DBQW andb) an AlAs/
shifts linearly downward with voltage, and is estimated to lieGaAs QWw.
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band calculation, leading to a more realistic peak-to-valleyleft wave functiong include both the usual propagating
ratio’®'® The negative resistance associated witHike — Bloch states(real k{) and the evanescent stat&omplex
states has also been observed in narrow GaAs layer struk—J”). Since the bulk periodicity parallel to the interface plane
tures in which thd-like quasibound state is higher than the is assumed to be continuous throughout the heterostructure,
X-like state! while hydrostatic pressure can also lower theonly the wave vector perpendicular to the surface remains.
X-like quasibound states confined in the AlAs lagei By matching the wave functions and their derivatives at the
number of tunneling paths, such AsX-I'-X-I" (Ref. 2] interface planes, the equality of the two-dimensional recip-
andI'-X-X-X-T",?? have been considered. rocal vector coefficients can be written into a matrix fof.
X-band electron tunneling through tlieband barrier has Use of the stable scattering matrix metfbellows the ma-
also been studied in a triple barrier. It has been found that thiix to be rearranged and separated into incoming and outgo-
GaAs layer can be used as tkeband barrier when its thick- ing wave-function matrices.
ness is less than 30 &.Sequential tunneling current was  In order to determine the transmission probability, all in-
observed in a superlattice designed with ¥h&evel between coming state coefficients both in the first and last layers are
the ground and first excited states, so that, when a voltage &et to zero, with the exception of one of the specified inci-
applied, electrons from the ground state in one well tunnel talent state coefficients in the first layer, which is set to unity.
the X level in the barrier, and then to tH&like ground state  The incident state can be set to be eithdr-aor X-valley
in the next well sequentiall§/ electron state. The outgoing state coefficients for the first and
Both the microscopic empirical pseudopotentiallast layers correspond to the reflectidR) (and transmission
techniqué®3® and the empirical  tight-binding (T) probabilities, respectivel\R andT were calculated from
method’~1922313%ave been used to calculate transmissiorthe definition of the current fluX
over a number of valleys and bands. Envelope-function ap-
proximations with intervalley and/or interband parameters _ Jreflect _ Jiransmit
obtained from either the pseudopoterffidf or tight-binding R= Jincident = Jincident @

band®3¢ have been employed to include the effects of other .
bands. Transfer-matrix, or rather a scattering matrix whichVhereJx=Reg®5 (=iV®,)]. TheR andT for each wave vec-

reduces the unstable numerical error in the transfer mtrix, 1or (i.e., I'- or X-like state$ can be calculated separately by
and Green’s-functiol{ methods are usually utilized to calcu- the above definition, and the summation of all transmitted
late the transmission probability through the heterostructuréc0mponents becomes the total transmission.

In order to incorporate the influence of other valleys, we AS an applied voltage dropped across the layer, each layer
have therefore used an empirical psuedopotential techniqué divided into many small sections and treated as a series of
with a scattering matrix to probe the effects Xfelectron layers _W|th all material parameters the same, exce_:pt_for their
transport in the DBQW. This is because the pseudopotentiglotentials. By the same procedure, the transmission as a
method, with plane-wave basic wave functions, can directifunction of applied voltage can be calculated with the num-
deal with the aperiodic structure with both unbound and quaP@r Of sections limited only by the computational time de-
sibound states in a DBQW. This we compare with the fullmands. _ _
indirect barrier QW. Due to the complication of the full band W€ assumed that the major dark current in the QWIP
implementation, the self-consistent potential with the dopedriginates principally from the tw%-rdlmensmnql electron-
layers was neglected, and a flat-band condition was assumenneling current from the doped well.The effective num-
The calculation method is briefly reviewed in Sec. II. ThePer of electrons thermally excited out of the well is propor-
X-band contribution to the QWIP dark current for the tional to the product of the two-dimensional density of states
Al ,:Ga 7AS/AIAS/GaAs DBQW and a comparison with in the well, the transmission probability through the QW

the AIAs/GaAs QW is elaborated upon in Sec. Ill. barrier [T(E,V)], and the Fermi distribution at the ambient
temperature. By approximating the density of states of the

infinite well, the current densityj§ which accounts for both

thermionic emission and thermionic-assisted tunneling can
An empirical pseudopotential complex-band-structurebe written a¥

method was used to calculate the electronic wave functions

in each layer, which were then connected throughout the . [em" v f” T(E\V)

heterostructure by the scattering matrix. The wave function 1=\ Zzz v V) Epo 1+eE Fro~Er

of the systen{¥"(r)] at energyE in a semiconductor layer ] ] ] ) ]

(n) is written as a linear combination of the known pseudo_wherel is the length of well width and barrier thicknedéjs

potential bulk basis stateg") within this energy® the voltage drop across the QW barrier, dfdis the Fermi
energy in the QW with respect to the ground-state energy

Il. CALCULATION METHOD

erdE @)

2N 2N 2N (Erg)- The collector velocity{v (V)] was calculated by an
s N To
‘I’n(r)zzl q’?:.21 aJnQSJn:Zl aj > bge! o, empirical formulav(V)=uF/\1+ (uFlvg? whereF is
= = = g 1) the electric field,u is the mobility, andv is the saturation
velocity.

where g is a reciprocal-lattice vector summed over three-
dimensional reciprocal Iatticek,,n are the bulk wave vectors,
andbg are the normalized bulk basic state coefficients. The
2N selected bulk state®ne set ofN states for the left-to- The transmission for the AbGa ;5AS/AlAs/GaAs
right wave functions, and the other setMffor the right-to- DBQW was calculated as a function of energy and applied

IIl. RESULTS AND DISCUSSION
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voltage and compared to the AlAs/GaAs QW. The local '
pseudopotential parameters for GaAs and AlAs are as given
by Ref. 39. In this work, 27 plane waves have been used in
the complex-band-structure calculation. It should be empha-
sized that using additional plane waves does not make any 10
significant difference, for example, in a 65-plane-wave cal-
culation the effective masses are modified by only about 3%,
at the expense of more than an order of magnitude increase
in computational timé° The parameters for AGa _,As
alloys are linear interpolations of the binary compounds. The
heterostructure conduction-band offset is evaluated as 65%
of the I'-band energy-gap difference between the two 107"
adjacent semiconductors, and the other material para- 00 02 04 06 00 o2 o4 o8
meters are obtained from AdacfliA typical DBQW struc- () (b)
ture for 3—5um response wavelength consisting of a 45-A 10° , , 10°
GaAs well, a 20-A A} ,{Ga, ;sAs additional barriefB;), and Tinc.(TX)
a 60-A Al ,{Ga, 75As barrier(B,) is specified for this calcu- -5
lation. The energy-band offsets showing both thend X
bands and their relative energies for the DBQW structure
studied are given in Fig.(&). The full barrier QW with the
same overall dimensions, that is a 100-A AlAs barrier and a
45-A GaAs well, which we calculated for comparison, is
shown in Fig. 1b).

With the difficulty in accurately describing experimen- 1072
tally determined electronic structure with empirical band
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structure, the offset energy values calculatedy. 1) from 2 LT L o 10715 b, o s s
the given parameters are shifted from the experimentally ac- 00 02 04 06 00 02 04 06
cepted values. The experiment&dX splitting energies in Energy (V) Energy (eV)
GaAs and AlAs are 0.46Ref. 41 and 0.90 e\*? respec- © (@)

tively. These are larger than the calculated values of 0.36 and
0.75 eV (see Fig. 1 The direct conduction-band offset be- ki 2 T.valley incident electron transmissigHinc.) including
tween GaAs and AlAs layers was determined at the value 0fne-pand[T, andT'X components as a function of energy fai

1.06 eV which is also larger than the value from Fig. 1 100.A AlAs single barrier(b) 20-A AlAs, 60 A Al G 7sAs, and

(0.99 eV). This will result in a systematic shift in the energy 20-A AlAs DBQW barrier, (c) 80-A AlAs, 45-A GaAs, and 80-A
of the transmission spectra, but we believe that the generalias QwW's, and(d) 60-A Al ,Ga, 7As, 20-A AlAs, 45-A GaAs,

feature and the conclusions drawn on theand X-band  20-A AlAs, and 60-A A} ,Ga, ;sAs DBQW structures. In each
electron transport are still significant and valid. However,case the inset shows tiigbarrier profile.

with an inaccuracy in the energy-band parameters, the en-

ergy levels reported need to be adjusted by an approprialgry wide (100 A), a series of transmission peaks corre-

factor. sponding to the quasibound states in the Aldike well
appears in this energy region.

Above 0.362 eV the incident’-valley electron in the
GaAs layer at one side may transfer to tevalley at the

In order to investigate the electron tunneling and quasiother side ['X) via either thd” or X valley in the AlAs layer
bound characteristics, the transmission probabilities throughl™-I'-X or I'-X-X). Two transmission probability types are
the QW barrier and the whole finite barrier QW structures aglisplayed in Fig. 2: thé'T" and total transmissiofl’inc.). In
a function of the incident” electron energyK) were calcu- most cases, since tH&X transmission is much greater than
lated, and are shown in Fig. 2. By way of example, thel'T (about three orders in this cas¢heI'X transmission is
transmission through the 100-A-thick AlAs barrier in Fig. close to providing the total transmission above 0.362 eV. In
2(a) is used to illustrate the tunneling out of an AlAs/GaAs order to show the tunneling process without the assistance of
QW. Thel-valley incident electron at energy lower than the the X-like state, the one-band transmission calculated by us-
AlAs X-minimum (E<0.235 eV tunnels via thd™-I'-I" path.  ing only onel-like k state(N=1) was also evaluated and is
The transmission here is very low because of the height anshown in Fig. 2. FOE>0.235 eV the one-band transmission
thickness of the AlAsI-band barrier. When thé&'-valley is lower than thd'T" transmissionX-like-state-assisted tun-
electron energy is higher than the AIA6 minimum, but neling, and even much lower than thEX transmission
lower than the GaAsK minima (0.235<E<0.362 eV}, the = whenE>0.362 eV.
electron may tunnel via thX-like state in the AlAs layer The electron in a typical DBQW structufeonsisting of
(I'-X-T'). This results in an abrupt jump in transmission at20-A AlAs, 60-A Alj ,:Ga, ;As, and 20-A AIAS tunnels out
0.235 eV, about ten orders of magnitude in this case. Sincef the well through the barriers with the transmission energy
the X-valley effective mass is heavy and tielike well is  spectrum shown in Fig.(B). Comparing this to the profile of

A. Zero-bias-voltage structures
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Fig. 2@, the DBQW transmission is about four orders of e 100
magnitude higher folE<0.235 eV. This implies that the
DBQW dark current at near-zero applied voltage is higher o _W\K ot _M
than that in the full barrier QW. The transmission does not
immediately rise at 0.235 eV, but does so at 0.242 eV be-
cause theX-like barrier (0.332 eVj of the Aly,Ga 7As
middle layer(B,) blocks theX-like state enhancement in the
AlAs layer [see the band profile in Fig(d)]; thus the elec-
tron has to tunnel through either the 0.242 B\band barrier

or the 0.332 eVX-band barrier. The transmission peak fea- 1074 L xr | 107t L
ture at 0.273 eV Ey,) is identified as aX-like quasibound _|_|_ J-|_|-L
state in the 20-A AlAs layefB,). In Aly,Ga, 74As, thel T 0 -
minimum is lower than th& minima, so that, in the energy 04 05 06 07 04 05 06 07
range 0.242E<0.332 eV, most electrons travel over the Energy (eV) Energy (eV)
I'-band barrier, resulting in a high transmission probability. (a) (b)

Above 0.332 eV, electrons may also tunnel via ke

state inB,, but the transmission does not increase signifi- FIG. 3. X-valley incident electron transmission as a function of

cantly. Above 0.362 eV the total transmission increases bgnergy for(a) a 100-A AlAs single barrier anth) 20-A AlAs, 60-A

up to two orders _of _magnitude, due to th&X channel. The Alg 2:Gay 7As, and 20-A AlAs DBQW barriers. The insets show
one-band transmission is not shown for the DBQW d#@ise e Iparrier profiles.

either Figs. Bb) or 2(d)] because it is similar to théT

transmission. This shows that electrons can tunnel througbonsisting of 60-A A} ,Ga, ;As, 20-A AlAs, 45-A GaAs,
the DBQW barrier via thd'-I'-I' path without anyX-like  20-A AlAs, and 60-A A}, ,-Ga, ;As. TheE, andE, states
state assistance. In thd" component, there are two signifi- at 0.118 and 0.431 eV from the GaAs well are slightly
cant peaks at 0.308 and 0.488 évhich also appear in the shifted, and are more significant than appear in Fg. Zhe
one-band transmissipmvhich correspond to the quasibound Ey, quasibound state from the 20-A AlA%-like well are
state in theB, I'-like well. In fact, in order to minimize the also shown at the same energy as in Figp).2For E<0.235
interaction in each QW, thB, barrier layer must be thicker eV the DBQW transmission magnitude is about ten orders
than 60 A. Thus these peaks are characteristic of this particirigher than that in the full barrier QWFig. 2(c)]. The

lar structure, but similar features will be found in thicky  DBQW transmission increases rapidly at thE-like
barriers, but with peaks shifted to lower energy and withAl ,:Ga, ;5As barrier (0.242 eV, and thel'T" transmission
more states in the wideB, layer. The 60-AB, layer is used without X-like-state-assisted tunneling reaches approxi-
here for illustrative purposes. mately the same value as that in thE transmission with

The DBQW barrier in Fig. &) is the composite barrier X-like-state-assisted tunneling in Fig(c2 This indicates
between adjacent wells in the multiquantum w@dQW)  that, at low energy, the DBQW structure blocks electrons but
structure, including a secori8}, layer belonging to the adja- allows I'-valley electrons at high energgi.e., photoelec-
cent DBQW. The transmission for the single DBQW barriertrons to pass through. This is the essential feature denoting
has similar characteristics, with smoolfl" transmission improvement of signal: dark current ratio in a DBQW pho-
above the 0.242 eV step. toconductive element.

The transmission through the single finite barrier QW The X-valley incident electron transmission for the 100-A
structure consisting of 80-A AlAs, 45-A GaAs, and 80-A full AlAs barrier and equivalent double barrié20-A AlAs,
AlAs, shown in Fig. 2c), was evaluated to investigate the 60-A Aly ,4Ga, 75As, and 20-A AlA9 are illustrated in Figs.
guasibound levels. The transmission for the QW and its as3(a) and 3b), respectively. FOE>0.362 eV, electrons can
sociated barriefFigs. 2c) and Za)] has similar features, and transfer into two final-state valleys, i.XI" andXX. The XTI’
onel resonance state is observed as the significant peak abntribution is three orders of magnitude lower thaX. For
0.118 eV(Eg). Some small peaks appear around 0.401 eVthe full barrier casg¢Fig. 3@)], theXI" andX X transmissions
A much greater transmission vié-like states in the thick are equivalent to those in tHévalley incident electron case
AlAs barrier (E>0.235 eV} may be the reason for these un- [I'T andI'X in Fig. 2(a), respectively. The high transmis-
clear peaks. The other resonance peak at O(EQ) in the  sion shows that electrons prefer to tunnel Xdike above-
one-band transmission calculations correspond to the excitdshrrier stategX-X-I" and X-X-X) rather than that vid'-like
I'-like quasibound state in the 45-A GaAs well. below-barrier state&X-I'-I" and X-I"-X). In contrast with the

Theoretically, the transmission at the resonance peaks afall barrier case, thd” and X incident transmissions for the
close to unity, but for illustrative purposes the display energyDBQW barrier[Figs. 2b) and 3b)] are considerably differ-
resolution used in the transmission spectra is 0.002 eV, anent. None of the resonant peaks which are associated with
thus the resonance peaks shown may not approach unitthe I'-like quasibound state in thB, layer are observed in
Nevertheless, the energy resolution utilized in the transmiseither XX or XI' transmission. In addition, thEI" transmis-
sion coefficient for the integration of the current-density cal-sion in Fig. Zb) is slightly greater tharXI'. We can there-
culation is of the order of 0.0001 eV or smaller depending orfore conclude that thET path is dominated by tunneling via
the transmission peak width for that particular case. In thid" states in thé, layer, while theX-valley incident transmis-
manner, an accurate current density can be achieved. Figus#on is probably dominated by the electron traveling over the
2(d) shows the transmission of the whole DBQW structure X state in theB, layer.

Transmission
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o . °o bottom of which is lower tharkEg. Therefore, in the AlAs
barrier, electrons may go via tiéband in some portion of
the barrier, and via th& channel in the remainder. A series
of peaks occurs in the transmission due to Xibke quasi-
level in the trapezoidal well or in the asymmetric barrier.
The one-band transmission increases smoothly as the
I'-band potential barrier is gradually lowered when the volt-
age increases. AY=0.3 V, the one-band transmission cal-
culation yields results four and eight orders of magnitude
less than thd'T and I'X transmissions, respectively. This
illustrates the substantial influence of tKeband in the full
indirect barrier QW.
For the DBQW structure shown in Fig(), the one-band
transmission(not shown approaches théT transmission,
() ® since the purd’-band tunneling transmission is already high.
As described in Sec. Il A, the step occurs at 0.242 eV rather
FIG. 4. T-valley incident electron transmissidhinc.) including than at 0.235 eV in Fig.(®), because the electron is blocked
one-bandI'T, andI'X compongnts aEp as a function of barrier by the X band of theB, barrier. The DBQW transmission
voltage for (&) a 100-A AlAs single barier andb) 20-A AlAs,  5j5q starts to increase at higher voltages, and the small peak
60-A Alg o652 7As, and 20-A AlAs DBQW barriers. The insets a4 () 15 v is associated with thélike quasistate in the 20-A
show thel barrier profiles at low-bias voltages. AlAs layer (corresponding to the 0.273 eV state in the unbi-
) ased rectangular wellThe resonant peak featureslodike
B. Bias voltage structure quasibound state iB, at 0.308, 0.488, and 0.735 eV in Fig.
When a voltage is applied to t@W, the voltage drops 2(c) also show up significantly in the voltage-dependent
partially in each barrier layer, and gradually lowers the po-transmission. For example, the 0.488-eV resonance level in
tential barrier in proportion to the ratio between layer thick-the unbiased structure shifts Ex and Ej-; energy levels in
ness and dielectric constafsince the normal component of the I'-like B, trapezoidal well when voltages of 0.32 and
displacement vector is conseryedhe I'-valley incident 0.11 V are applied, respectively. The transmission peaks at
transmissions as a function of applied voltage for the 100-Ahese voltages are also shown in Figh)}4 These resonance
AlAs barrier [Fig. 4@)] and for the 20-A AlAs, 60-A voltages are shifted when ti&, thickness increases; never-
Al, ,Ga 7sAs, and 20-A AlAs DBQW barriergFig. 4b)]  theless the magnitude of the nonresonant transmission re-
are evaluated & . In order to describe the dark current in mains approximately unchanged. At low bias, the elec-
the QWIP, we assume that electrons are mostly confined dton transmission for DBQW is about five orders of
and above the ground quasilevels of the DBQ@R{,), and  magnitude higher than that for the full barrier, while for
tunnel out of the well through the barrier. With the Fermi- V>0.23 V the nonresonance total transmission in both struc-
Dirac distribution of the two-dimensional electron gas in atures becomes of the same order, although the magnitude of
1x10*%-cm 3 doped well at 77 K, the Fermi energf§{) the I'T" component for the DBQW is one order greater than
with an infinite well approximation is 15.5 meV above the that in the full barrier.
Ero level. This is used as a fixed electron energy in the The dark current as a function of applied voltage for the
transmission calculatiofFigs. 4a) and 4b)]. AlAs/GaAs QW and the AJ,Ga, ;sAs/AlAs/GaAs DBQW
As the potential is gradually lowered with increasing biaswith the same overall dimensions have been calculated and
voltage, the whole transmission spectrum is obtaittég. 4) are shown in Figs. ®) and §b), respectively. Here we have
by varying the voltage of the fixed energy electron, and itselected a doping concentration 6£10'® cm™3in the GaAs
can be related to the energy-dependent transmigBign 2.  well, and a temperature of 77 K. A mobility of 2000 &ivi s
At low voltage (V<0.10 V), as in Fig. 4a), the full barrier  and saturation velocity of810° cm/s were used to approxi-
Er transmission increases slightly as in Fig(@2for  mate the velocity at 77 K8 By integrating over the energy
E<0.235 eV, in which thd™-I'-I" channel alone dominates. range with transmission weighted by the two-dimensional
At about 0.10 and 0.23 Ycorresponding to 0.235 and 0.362 Fermi-Dirac distribution, the current has a similar character-
eV in Fig. 2a)], the transmission increases because of théstic to the Eg transmission(Fig. 4). However, the applied
tunneling via theX valley in the AlAs barrier, and transferral voltage is dropped across the well and barriers on both sides;
into theX valley, respectively. These are not abrupt steps, athus, in order to approach the same voltage dropped across
in Fig. 2(a), because the profiles of the well and barrier arethe barrier as in Fig. 4, a higher total voltage needs to be
modified by the applied voltage and are now trapezoidal irapplied. No significant resonance current peak is observed in
shape; thus the number of additional channels varies propothe full barrier QW, while there is an obvious resonance peak
tionally as the potential gradient changes. For example, at 0.75 V in the DBQW. At low applied voltage, the DBQW
0.10 V the bottom of theX-like well touches theEg level,  current is lower for the full barrier by two orders of magni-
and electrons travel through the whole barrier vialthgath.  tude, but they become comparable at high-bias voltage.
When the voltage increases further, some part ofXHike The calculated current usidd” transmission components
trapezoidal well potential falls below tHeg level, so elec- (I'T) is one and three orders lower than total current
trons atEg tunnel through thd™ path where the well poten- [I"inc.(I'X)] in DBQW and full barrier QW cases, respec-
tial is higher tharE., and can go through th¢ channel, the tively. The current in the one-band transmission is also
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FIG. 6. I"-valley incident electron transmissighinc.) as a func-
FIG. 5. Dark current density froriT, single-band, and total tion of AlAs barrier thickness ata) Ex and(b) Er; energy levels
transmissions as a function of applied voltage at 77 K(@ra  for an Al ,{Ga 7As/AlAs/GaAs DBQW with zero-bias voltage.
AlAs/GaAs QW andb) an Aly ,{Ga, 75As/AIAs/GaAs DBQW. The  I'-barrier profiles are shown in the insets.
insets show the unbiasddfinite-barrier QW’s.
total barrier thickness of 100 A. TH&incident transmissions
shown for a full barrier QWone bang, and we find that for atEg andEr; are shown in Figs. @) and &b), respectively.
the DBQW it is in the same order as thd transmission With no bias voltage, the transmissiongat originating from
current. For the full barrier QW, however, it is about threethe I'T" electron path decays exponentially as Bigthick-
orders of magnitude lower at low voltage. At high voltage, Ness increasgstig. 6@]. Thus for purel” transmission, the
the one-band current is about five and eight orders of magPBQW B, andB; barriers can be regarded as a single barrier
nitude lower than the current formed usidd” and total ~ With an effective barrier height. When the ratio®f andB,
transmissions, respectively. This clearly shows that thdhicknesses increases, the effective barrier height also in-
X-band-assisted tunneling encourages much more dark cufteases proportionally.
rent in the full indirect barrier QW. It also influences the dark ~ Figure &b) shows that, a8, thickness increases, thd’
current in the DBQW, but only at a high voltage. transmission component &y, decreases and becomes ap-
In the above current calculation, we have assumed that tHeroximately constant after a certay thickness, while the
current is dominated by the electron in the single QW transI' X component is almost constant over the barrier thickness
mitting out of the well into the continuous state in the col- Fange. This is caused by thélike-state-assisted tunneling
lector contact, and the current from the emitter is neglectednvolving in theI'T transmission for the thicB, layer struc-
This can also be applied to the MQW case, in which the finafure, and in thd'X transmission for over-the-barrier thick-
state of the next well is assumed to be a continuous state &$ss ranges. In other words, for a tiip barrier, an electron
in the bound-to-continuous QWIP. This is valid only if the can easily tunnel through tt#, barrier, so the puré' trans-
additional barrier is very thin, and if a quasibound state carnission dominates and decreasesBashickness increases.
be approximated as a continuous state. Under this assumphe purel’ transmission continuously decreases down to
tion, the total current from the MQW is estimated by the @bout 10" for a 50-A B, structure[estimated by the one-
number of wells times the single QW current, and also thé>and transmission of the full AlAs barrier in Fig&]. Thus
equal division of the total applied voltage between QW's. the I'T' transmission with X-like-state-assisted tunneling
When the additional barrigAlAs) becomes thick and the (about 10%) becomes dominant for the thid; structure.
quasibound state becomes more tightly bound, sequentidihe peak, appearing at the 158} barrier, corresponds to
tunneling current may occur in the MQW. This current, be-the I'-like resonance state in tH®, layer. TheEr, level is
low the voltage at which the resonance peak occurs, can Hégher than any<-minima barrier, so electrons can comfort-
approximated by the current in the bound-to-bound QwIpably be transmitted via thEX channel.
i.e., Eq.(2) in Ref. 44. The current can be approximated by
assuming that it is directly proportional to the transmission
probability at the Fermi-energy levs shown in Fig. d)].
Therefore, in both cases, théband electron has a small Electron transport in the gbGa sAS/AIAS/GaAs
effect in the DBQW at low bias, but the effect increases adDBQW has been studied. The AlAs barrier layer thickness is
the voltage increases. systematically varied from the direct barrier
Al ,Ga 75As/GaAs QW to DBQW, and then to the full in-
direct barrier AlAs/GaAs QW. The electron transmission out
of the well through the various barriers via and/orX-like
In order to investigate further the effect of the additionalstates, with and without bias voltage, was discussed in detail.
barrier on electron transport in the DBQW, we have system- For 60-A Al,,{Ga, 7As, 20-A AlAs, and 45-A GaAs
atically varied the AlAs layeKB,) thickness within a fixed DBQW structures, thre&-like quasibound states at 0.118,

IV. CONCLUSION

C. Additional barrier effects
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0.431, and 0.806 eV are observed. These levels are slightlyitude lower than the current iX-like-state-assisted tunnel-
shifted from those in the AlAs/GaAs QW. The responseing via theI'T path. Tunneling viaX-like states significantly
wavelength associated with the transition between the firsaffects the current in the full indirect barrier QW rather than
two states is 3.um. The excited resonant state in the full that in DBQW. However, when the additional barrier thick-
barrier QW is not clearly seen in the transmission becausfess is also varied, we find that, in a very thin AlAs barrier
the I'-confined electron transmission is very weak compared<20 A), the excited-state electron is not blocked by the
to tunneling viaX-like states. The tunneling transmission for [_pand barrier, and may give a high photocurrent without
both I' and X incident electrons via aiX-like quasibound x-pand assistance.
state is in the form of a peak, and transmission Xitike For multiquantum wells used in QWIP, in order to in-
virtual above-barrier states increases in the form of a steprease the photoelectron current, the applied voltage is
function (to near unity; in other words, electrons in this equally dropped in all QW's so that only the current at small
channel are almost totally transmitted. voltages is significant and the total current becomes the num-
By varying the applied voltage, the fixed energy transmiser of wells times the current from each well. The currents
sion can also give the whole spectrum, but the resonancgr hoth thin and thick additional barrier MQW structures are
level is slightly shifted because the electron is confined in &so estimated. The sequential tunneling current may be con-
well which is trapezoidal rather than rectangular. When asidered not only betweeh-like states but also transferring

voltage is applied, the potential is gradually lowered, and arsequentially to different states in another well.
electron in one layer may travel vlastates in one portion of

the slab, and transfer t§-like states in the remainder. This
results in no abrupt step in the transmission as a function of
voltage.
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ACKNOWLEDGMENTS

*Present address: Department of Physics, Faculty of Science, Ma- Smith, Semicond. Sci. Technd@, 1483(1993.

hidol University, Phaya Tai, Bangkok 10400, Thailand. 14y, carbonneau, J. Beerens, L. A. Cury, H. C. Liu, and M. Bucha-
"Present address: Centre for Photovoltaics and Systems, School of nan, Appl. Phys. Lett62, 1955(1993.

Electrical Engineering, The University of New South Wales, 1°P. J. Price, Surf. Scil96, 394 (1989.

NSW 2052, Australia. 164, C. Liu, Appl. Phys. Lett51, 1019(1987).

1B. F. Levine, J. Appl. Physz4, R1 (1993. 173. A. Stovneng and P. Lipavsky, Phys. Rev4® 16 494(1994.

2B. F. Levine, A. Y. Cho, J. Walker, R. J. Malik, D. A. Kleinman, 18T. B. Boykin, J. P. A. van der Wagt, and J. S. Harris, Jr., Phys.
and D. L. Sivco, Appl. Phys. Letb2, 1481(1988. Rev. B43, 4777(1991).

SE. C. Larkins, H. Schneider, S. Ehret, J. Fleibner, B. Dischler, P1°N. A. Cade, S. H. Parmar, N. R. Couch, and M. J. Kelly, Solid
Koidl, and J. D. Ralston, IEEE Trans. Electron DeM, 511 State Commun64, 283 (1987.
(1994. 2R, E. Carnahan, K. P. Martin, R. J. Higgins and G. Park, E.

4H. Schneider, F. Fuchs, B. Dischler, J. D. Ralston, and P. Koidl, Wolak, K. L. Lear, and J. S. Harris, Jr., Semicond. Sci. Technol.
Appl. Phys. Lett.58, 2234 (1991)). 9, 500(1994).

5T. Osotchan, V. W. L. Chin, M. R. Vaughan, T. L. Tansley, and 2*A. R. Bonnefoi, T. C. McGill, and R. D. Burnham, Phys. Rev. B
E. M. Goldys, Phys. Rev. BO, 2409(1994). 37, 8754(1988.

®H. C. Liu, P. H. Wilson, M. Lamm, A. G. Steele, Z. R. ??K. V. Rousseau, K. L. Wang, and J. N. Schulman, Appl. Phys.
Wasilewski, and J. Li, Appl. Phys. Letb4, 475(1994. Lett. 54, 1341(1989.

M. Leroux, N. Grandjean, B. Chastaingt, C. Deparis, G. Neu, and®T.-H. Shieh and S.-C. Lee, Appl. Phys. LeiB3, 3350(1993.
J. Massies, Phys. Rev. 45, 11 846(1992. 24y. Zhang, X. Yang, W. Liu, P. Zhang, and D. Jiang, Appl. Phys.

8B. Deveaud, D. Morris, A. Regreny, R. Planel, J. M. Gerard, M.  Lett. 65, 1148(1994.
R. X. Barros, and P. Becker, Semicond. Sci. TechBpl722 253, N. Grinyaev, G. F. Karavaev, and V. N. Chernyshov, Fiz.

(19949. Tekh. Poluprovodn28, 1303(1994) [Sov. Phys. Semicon@8,
9D. Landheer, H. C. Liu, M. Buchanan, and R. Stoner, Appl. Phys.  784(19949].
Lett. 54, 1784(1989. 26D, Y. K. Ko and J. C. Inkson, Phys. Rev. 38, 12 416(1988.
0p, M. Solomon, S. T. Wright, and C. Lanza, Superlatt. Micro- 2’G. Edwards and J. C. Inkson, Semicond. Sci. Tech8pi310
struct. 2, 521 (1986. (1994).
11E, E. Mendez, W. I. Wang, E. Calleja, and C. E. T. Goncalves d&®D. Y. K. Ko and J. C. Inkson, Phys. Rev. 8, 9945(1988.
Silva, Appl. Phys. Lett50, 1263(1987). 29A. C. Marsh, IEEE J. Quantum ElectroQE-23, 371(1987.
12R. Beresford, L. F. Luo, W. I. Wang, and E. E. Mendez, Appl. 3°S. Brand and D. T. Hughes, Semicond. Sci. Techipl607
Phys. Lett.55, 1555(1989. (1987).

137, Othaman, A. K. Giem, S. J. Bending, R. T. Syme, and R. S3!T. B. Boykin and J. S. Harris, Jr., J. Appl. Phy, 988(1992.



2066 T. OSOTCHAN, V. W. L. CHIN, AND T. L. TANSLEY 54

32D, 7.-Y. Ting and T. C. McGill, Phys. Rev. B7, 7281(1993. 39a. Baldereschi, E. Hess, K. Maschke, H. Neumann, and K.-R.

333, P. Cuypers and W. van Haeringen, Phys. Revi7B10 310 Schulze, J. Phys. @O0, 4709 (1977).

(1993. 403, Adachi, J. Appl. Phys58, R1 (1985.
3. B. Xia, Phys. Rev. B1, 3117(1990. 41H. J. Drouhin, C. Hermann, and G. Lampel, Phys. Rev3BB
35T Ando and H. Akera, Phys. Rev. #0, 11 619(1989. 3859(1985.
%°E. S. Hellman and J. S. Harris, Jr., Superlatt. MicrostrBcl67 428 Monemar, Phys. Rev. B, 5711(1973.

(1987. _ 43G. Danan, B. Etienne, F. Mollot, and R. Planel, Phys. Re@5B
S7T. Osotchan, V. W. L. Chin, and T. L. Tansley, Phys. Re\6B 6207 (1987).

5202(1995. 44K, K. Choi, B. F. Levine, R. J. Malik, J. Walker, and C. G.

38K. M. S. V. Bandara, B. F. Levine, R. E. Leibenguth, and M. T.

Bethea, Phys. Rev. B5, 4172(1987.
Asom, J. Appl. Phys74, 1826(1993.



