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We have studied the effects of bulk anisotropy and the strain induced by lattice mismatch on the
interband tunneling in broken-gap single-barrier InAs/AISb/GaSb heterostructures and
double-barrier InAs/AISb/GaSb/InAs/AlSb/GaSh heterostructures. We have used the eight-band
k-p model and the scattering matrix method, combined with the Burt envelope function theory, to
calculate the interband transmission coefficients through the broken-gap heterostructures. We have
found a noticeable anisotropy of the transmission coefficients when the magnitude of the in-plane
wave vector increases to around 0.25"Am\e have also found that the strain and the bulk
anisotropy of quasiparticle dispersion produce additional peaks in the tunneling probability. For the
double-barrier resonant-tunneling structures we discover a large spin splitting of the
resonant-tunneling peaks caused by the lack of inversion symmetry. A strong influence of the strain
induced by lattice mismatch appears in the current—voltage characteristics of the studied broken-gap
heterostructures. In InAs/AISb/GaSb structures the interband tunneling processes into the
heavy-hole states contribute mainly to the peak current density if the sample is grown on InAs, but
if the sample is grown on GaSb the interband tunneling processes into the light-hole states become
the main contribution to the peak current density. As a result, the structure grown on GaSb
has a much larger peak current density. This phenomenon was observed experimentally.
© 2005 American Institute of PhysidDOI: 10.1063/1.1857058

I. INTRODUCTION between two GaSb cladding layers. In Ref. 9 a complicated
double-barrier structure with an AlSb/GaSb/InAs/AlSb
Interband tunneling structures based on InAs, GaSb, anguantum well between an*-InAs emitter and agp*-GaSb
AISb materials have been much studied both experimentallgollector was investigated. It has been shown that these
and theoretically. In these so-called broken-gap heterostrugtouble-barrier structures have higher peak-to-valley current
tures, the InAs conduction band overlaps with the GaSb varatios than the single-barrier structures.
lence band. Consequently, electrons from the InAs conduc-  Theoretical analysis on interband tunneling processes in
tion band can tunnel into the GaSb valence band through thgroken-gap heterostructures should consider the mixing of
AISb barrier layer. This unique band structure makes thehe states in conduction bar(@B), light-hole (LH) band,
broken-gap heterostructures promising candidates for devicgnd heavy-hol¢HH) band, with or without the split-0ffSO)
applications because of their negative differential resistancRole band. The existing theoretical works use the tight-
with high values of peak-to-valley current ratio and peakbinding method*3or the multibandk - p quantum transmit-
current density~° Both single-barrier and double-barrier in- ted boundary methotf,or the transfer-matrix methad;*®or
terband tunneling broken-gap heterostructures have beaRe transfer Hamiltonian approath'® While the interband
fabricated and investigated experimentally. Single-barriekunneling of electrons from the CB states into the LH states
structures usually contain an AISb barrier as a quantum renas been proven to be the dominating process in general, the
gion sandwiched between am™InAs emitter and a tunneling into the HH states cannot be ignored for oblique
p*-Gasb collectof:**In Ref. 3, a similar structure, but with incidence. For example, the interband tunneling processes
a GaSb/AISb quantum region, was investigated. Two typeshrough the HH states in the InAs/AlSb/GaSb resonant-

of double-barrier structures have been well studied: one igynneling structuréRTS) contribute considerably to the val-
the structure with an AISb/GaSb/AlISb quantum W&l ley current density>*>

sandwiched between two InAs cladding layers and the other  The Jattice mismatch in broken-gap heterostructures is
is that with an AISb/InAs/AlISb quantum wéft sandwiched  small, and its effect is usually neglected. The strain-induced
energy shift in InNAs/GaSb broken-gap quantum wells was
¥Electronic mail: karin.nilsson@teorfys.Iu.se investigated very recentf;?. Based on these results, we ex-
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S0l ' ' ' ' ' ] downwards by 0.029 eV. When the GaSh layer is strained,
' the edge of the heavy-hole band shifts upwards by 0.019 eV,
sl ] and the edge of the light-hole band shifts downwards by
~ 0.029 eV. Consequently, these two single-barrier structures
> : .
L ok i will have different electron energy-level structures. For the
B double-barrier structure, the strain induced by the lattice mis-
% o5k InAs AlSb GaSb . match also changes the subband dispersion in the InAs/GaSh
quantum welt®?* Combined with the modification of the
0.0 . bulk dispersion due to bulk anisotropy, the transmission co-
I e efficients and thd -V characteristics of broken-gap hetero-
>0-50 > n p s n " structures will then exhibit interesting behavior which will
@) position (nm) be studied in the present work.
We have found a noticeable anisotropy of the transmis-
2ol — sion coefficients when the in-plane wave vectors have a mag-
nitude around 0.25 ni. Under various situations, the bulk
15k AlSh anisotropy produces additional peaks in the interband tunnel-
i~ ing probability into the LH states. On the other hand, the
i 1.0F . " strain induced by lattice mismatch creates additional peaks in
z interband tunneling probability into the HH states in the
§ ospInAs| GaSb InAs spectrum region where tunneling into LH states is forbidden.
For the single-barrier structures, we obtained a larger tunnel-
0.0 il ing current density for the sample grown on GaSb than on
os I : : . . InAs, in agreement with the experimeﬁ.For the double-
“o 5 10 15 20 25 30 barrier heterostructures, we obtained a large spin splitting of
(b) position (nm) the peaks in the transmission coefficients. However, the com-

FG. 1 Th band di the InAS/AISb/Gash sinal plicated multiple-peak profile of the transmission coefficients
barr.ier.stru;ufgzg();:)) ?hne In,lAasg/r,lergZ/cg)aSbe;InrAsS/AISb/GaZb r:érc;?lznt- results in one broaq ma>§|mum in theV characteristics.
tunneling structure. In Sec. Il we will outline our model and method of cal-
culation of the electron transmission coefficients and the tun-
neling current density. A detailed numerical calculation will
pect that the small energy-level shift in the quantum well dughen be performed, and the numerical results will be dis-
to the lattice mismatch is important for resonant tunnelingcussed in Sec. IlI. Finally, a conclusion is given in Sec. IV.
because this small level shift may easily destroy the
resonant-tunneling condition. The effect of lattice mismatch; poDEL AND METHOD OF CALCULATION
manifests itself for oblique incidence owing to the compli-
cated two-dimensional dispersion parallel to interfaces. In  In the present work, we will consider two strained tun-
the present work, we will extend our previous study of theneling heterostructures grown along the crystallographic
static properties of broken-gap quantum wells to the investit001] direction, which defines the axis. We also assign the
gation of the effects on dynamical interband tunneling prop{100] direction as thex axis and[010] they axis. The two
erties of tunneling heterostructures not only of the strain bufunneling heterostructures are InAs/AlSb/GaSb and
also of the bulk anisotropy. In particular, we will demonstrate/NAS/AlISb/GaSb/InAs/AlISb/GaSb, and under flatband
these effects on the transmission coefficients and the currengonditions without strain their band diagrams are shown in

voltage(1-V) characteristics. We will use the scattering ma-F19- 1 as paneléa) and(b), respectively. We will use thie-p
trix method® and the relevant eight-barid-p model®® In band model which takes into account the CB states, the LH

states, the HH states, and the SO hole states. It was pointed

our analysis we will also use the Burt envelope function> ;g ,
1 : ; - out™® that the effect of the following terms are small: the
theory* and its extension to the heterostructures of zinc- y

blende materialé’ The interband transmission coefficients 1'”9“"”:; tetrms and Kantgﬁ pletrartr;etgrtln l;hek(-jp dH?m'l' i
for carriers with a finite magnitude of the in-plane wave vec-0"1an. th€ t€rms proportional to the intérband detormation

tor along the[10] and[11] directions are calculated. potential caused by the lack of inversion symmetry in bulk
The systems we have investigated are zinc-blende crystals, and the spin-orbit terms in the strain

InAs/AISb/GaSb single-barrier structure, as shown in Fig. amltoman. .SO’ these ter_ms will pe ngglected in our theo-
; retical analysis. The resulting Hamiltonian of the eight-band

L@, grown on either InAs or GaSb substrates, and anmodel around thé point of zinc-blende crystals can be writ-

InAs/AISb/GaSb/InAs/AlSb/GaShb resonant-tunnelingten as

double-barrier structure grown on GaSb, as indicated in Fig.

1(b). Due to the lattice mismatch, for an InAs/AISb/GaSb =, +Hgo+H,, (1)

structure grown on InAs, the AISb layer and the GaSb layer R .

are strained, and for an InAs/AISb/GaSb structure grown onwhere the termsiso andH, describe the spin-orbit interac-

GaSh, the AISb layer and the InAs layer are strained. Whelition and the effect of strain, respectively. The tekip de-

the InAs layer is strained, the conduction-band edge shiftpends on the conduction-band edge, the valence-band edge,
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the momentum operatofsA(X, ﬁﬁy, andﬁﬁz, the modified Lut- A ~  10H
tinger parameters, as well as the interband momentum matrix vz~ %(HZ- zH) = PP (5

elements. The exact forms of thex® matrlcesHk, HSQ and ok

HE, as well as the basis functions for the Hamiltonian areReplacing the operatd( in 0, by K" ,1» We obtain the &8
given in Ref. 19. The multicomponent envelope functign  matrix representatiod,, " for the probablllty current-density
=(py, o, 3, s, s, 6, 7, )T @nd the corresponding operator, which is equal to the velocity operator |n thle
eigenenerg)e satisfy the equatlohhp Ew. Unphysical so- sublayer corresponding to theh state with a reakZI For
lutions of this equation are removed with a standardthe left cladding layetn=1), the incident probab|I|ty current
proceduré®?? After this, theé%oundary conditions for the density is then calculated as

envelope functions are derived. {1 _ 1 4(D)2 (Dt (D(1)7 — (Lt (1) )

To solve the equation fogs with the scattering matrix | = [ REfT ] = ReR T . ©)
method, we divide the entire system intiosublayers and in  Using the scattering matrix method, the transmitted probabil-
each sublayer the potential is approximated by a constarity current density for the tunneling process into Kile state
value. The envelope functions in each sublayer are then exf the right cladding layetn=N) is simply
pressed as linear combinations of the corresponding bulk (N)_ 20 £ (N)T 1(N)£(N)

i i zk | | thf 'J fk ]
eigenstates whose wave vectors are permitted to have an
imaginary part. Letz,; andz,, mark the positions of the two = |[Sll(l,N)]k,|2Re[f(kN”J(zT2f(kN)]. 7)
interfaces at the left and right sides of theh layer, respec-
tively. In the nth sublayer, there are plane-wave-like func-
tions with the z-component wave vectorsk$ for the jth
bulk eigenstate. Consequently, in thin sublayer the enve-

In terms of these two probability current densities, the tun-
neling probability T, from thelth state of the left cladding
layer into thekth state of the right cladding layer is obtained

lope functionis,, can be written in the form as
. Ti(E.ky) =005 ®)
= ei(kxx+kyy)2 [a(n)eik(zf})(z—znl)fir]) + b(n)e—ik(zt})(z—znz)f(_f?)], It is important to notice that |k(l) [or k(ZT()] has a nonzero
j=1 . ! ! . imaginary part, then the corresponding wave is incapable of

2) propagatlng and the respective probability current derjgfty
[orJ ] vanishes.

z,k . .
where the complex wave vecto " have non-negative The tunneling probability also depends on the applied
imaginary parts. The coefficiena™ and b™ are for the Pias voltageV which modifies the potential profile of the
forward and backward waves, respectively. The column Vecennre system. Under this condition and with the consider-

torsf and the complex wave vectok.§” satisfy the equa- ation of the carrier occupations of the initial and final states,
tion H[k K, k(n ]f(n _Ef(n) We choose mutually orthogo- the partial current densitly (V) for the interband tunneling
X1 —

nal vectorsf( ) correspondmg to each of the wave vectorsProcesses from the incident stateto the transmitted state
+k(n can be calculated as

When we solve the Schrédinger equation for each sub-
layer of the structure, we use the boundary conditions to (V) = 4772ﬁ f d'ﬂkuf dETy(E Kk, V)
construct the 1X 12 scattering matriX§(1,N) which con-
nects the coefficients of the initial layer 1 and the final layer X[f1(E, p1) = F2(E, )], (9)

N, as in Ref. 19. Here, layer 1 is the left cladding layer andyneree is the electronic charge. The functiohgE, x,) and
layer N is the right cladding layer. If the electron tunnels ¢ ,(E, 1) are the Fermi-Dirac distribution functions for the
from statel of the Ieft cladd|ng Iayer to the right side of the |oft |nAs cladding layer and the right GaSb cladding layer,
structure, therb™=0, af"’=1, anda=0 for j #1, where  \ith the corresponding chemical potentials and u,. We
statel must be a propagating state with a regll. The vec-  have neglected the variation of the chemical potential in each
torsa™ andb™ are determined from cladding layer caused by the drift-diffusion processes. The
total current density is simply the sum of all the partial ones.
a™V=s,(1,N)a", (3 We treat electrons and holes classically in the cladding
layers, as in Ref. 17. The good agreement between the cal-
and culated and measurdéd-V curves given in Ref. 17 suggests
that this approximation is reasonable. The valueg.pfind
b =5,,(1,N)a?, (4 u, with respect to the conduction-band edge of the left clad-
ding layer near the quantum region, as well as the potential
where the 6<6 submatricesS;1(1,N) and S;4(1,N) can be profile, are derived by solving the Poisson equation through-
obtained from the scattering matr$1,N) and are defined out the entire heterostructure but neglecting the charge accu-
in Ref. 19. mulation in the quantum region. This approximation is ex-
To calculate the transmission of electrons along zhe cellent for the single-barrier structures. However, it is also
axis, from the left cladding layer to the right cladding layer, reasonable for the resonant-tunneling structures considered
let us first consider the corresponding velocity operator,  here with sufficiently thin InAs and GaSb layers in the quan-
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tum well, where the difference between the highest hole level
and the lowest electron level is not large. We also found that 10°F
the effect of anisotropy of the transmission coefficients on
the total current density is negligibly small. Therefore, in our
numerical results this effect is ignored.

Ill. RESULTS AND DISCUSSION

transmission coefficients

The systems to be studied here are single-barrier and
double-barrier tunneling structures, the band diagrams of
which, under flatband condition, are plotted in the two panels ;
of Fig. 1. We need many material parameters as input to our 2005 000 005 010 015 020
numerical calculation. In Ref. 24 we can find the values of (a) encrgy (eV)
the energy gaps, the split-off energies, the interband momen- T . T .
tum matrix elements, the Luttinger parameters, the lattice
constants, and the band offsets for both the conduction band
and the valence band. The deformation potentials and the !
stiffness constants are given in Ref. 25. While the numerical
analysis is performed, attention is paid to the following issue.
The strain due to the lattice mismatch distorts both the
conduction- and the valence-band edges from the flatband
situation given in Fig. 1, resulting in a change of the bulk
dispersion, as well as the subband dispersion in the
InAs/GaSb quantum welf"?® Adding the effect of bulk an- ,
isotropy which also modifies the bulk dispersion, interesting -0.05 0.00 0.05 0.10 0.15 0.20
phenomena are expected to be found in both the transmission (o) energy (eV)
coefficients and thé—V characteristics.

transmission coefficients

A. Single-barrier structures

For the single-barrier InAs/AISb/GaSb structure we
have studied, the electron tunnels from a state in the InAs
conduction band, through the AISb barrier layer, into either a
LH state or a HH state in the GaSb valence band. Two types
of InAs/AISb/GaShbh heterostructures were investigated ex-
perimentally: one grown on InA&Ref. 5 and the other on
Gasb?! We will study both structures with the barrier width
of 3 nm. The electron from the InAs emitter tunnels through 10° L L L :
the AISb barrier layer near its LH and HH valence-band 005 0.00 0.05 010 015 020
edges. Hence, it can transfer through the AISb layer both as © energy (V)
the LH states and HH states for nonzero in-plane wave Veas|G. 2. The transmission coefficients for InAs/AlSb/GaSh structures under
tor, but not as the SO hole states, the wave functions offatband conditions for the magnitude of the in-plane wave veor
which vanish inside the barrier because the SO band edge fé).og nm? (a) for the unstrained_ structureb) for the strained structure_
far away from the energies of the tunneling electrons. Th%rown on InAs, andc) for the straln_ed structure grown on GaSb. The solid

urves are for the CB-HH tunneling, and the dashed curves are for the
LH effective mass is much less than the HH effective masscB-LH tunneling. The conduction-band edge of the unstrained InAs is used
For this reason the depth of wave-function penetration int@s the energy reference.
the barrier is much less for the HH state than for the LH
state, and therefore the tunneling process through the Lldsting case of finit&, for which the electron can tunnel into
channel dominates. In the structure grown on InAs, the LHboth the LH and the HH states. The calculated transmission
band edge of the barrier layer shifts by —0.054 eV due to theoefficients fork,=0.09 nmi* along the[10] direction are
lattice-mismatched strain, while it shifts only by —0.027 eV shown in Fig. 2 with the solid curves for tunneling into all
in the structure grown on GaSb. For this reason the depth dfiH states of different spin orientatiof€B-HH tunneling
LH state penetration into the barrier for a given incidentand the dashed curves for tunneling into all LH states
electron energ\ is lesser for the structure grown on InAs (CB-LH tunneling. Panel (a) is for the unstrained
than for the structure grown on GaSh. Hence, the interbanthAs/AISb/GaSb structure. The results for strained struc-
tunneling probability is expected to be larger in the secondures grown on InAs and on GaSb are plotted in pafigls
case. and (c), respectively. The results fdq in the [11] direction

If an incident electron has zero in-plane wave vectordiffer only slightly from those shown in Fig. 2.
k,=0, it can only tunnel into the LH valence band of the Figure 2 indicates that there is only one energy window
GaSh contact layer. Hence, we will consider the more interfor the CB-LH tunneling. The profiles of the transmission

transmission coefficients
—_
[}
T
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coefficient curves for the CB-LH tunneling in panéds, (b),
and(c) are qualitatively the same, except for the variation of
the energy window width due to the energy-level change
induced by strain. The left edges of the energy windows in
panels(a) and(b) coincide, while that in pangk) is essen-
tially shifted to lower energies. This is because the
conduction-band edge in the InAs layer is shifted downwards
by 0.029 eV in the structure grown on GaSh. Therefore in
this structure, for a given value of the electron in-plane wave
vector in the InAs left contact layer, its component normal to
interfaces becomes real at lower energy. Similarly, the red-
shift of the right edge of the energy window in parib) is

due to the downward shift of the LH band edge in the
strained GaSb right contact layer when the sample is grown
on InAs. As a result, the normal component of the wave
vector of the outgoing LH state in the GaSb layer vanishes at
lower energy. We notice that the probabilities in pan@ls
and (c) are larger than the probability in pangd). The de-
crease of the CB-LH tunneling probability in parib) is due

to the large downward shift of the LH valence-band edge in
the strained AISb barrier layer in a structure grown on InAs.
This agrees with the experimental observation that the tun-
neling current density in samples grown on InAs is smaller
than that in samples grown on Ga%bwe will return to this
point later.

transmission coefficients

(a)

transmission coefficients

J. Appl. Phys. 97, 063704 (2005)

0.12
energy (eV)

0.12

0.14

On the other hand, in pangb) there are two energy 0.08
windows for the CB-HH tunneling. The lower-energy win- (b)
dow coincides with the energy window for the CB-LH tun- FIG. 3. The transmission coefficients for the InAs/AISb/GaSb structure
neling. The higher-energy window, in which the CB-LH tun- grown on InAs for the in-plane wave vectdr;=0.245 nm® (a) for the
neling is forbidden, is created by the lattice-mismatch-CB-HH tunneling andb) for the CB-LH tunneling. The solid curves are for
induced strain. With strain decreasing, the lower-energ drrg::(m)% the[10] direction, and the dashed curves are Kpralong the[11]
window expands toward the higher-energy side, while the
higher-energy window shrinks. When the strain is absent in
GaSb, the two energy windows merge into one, as shown ithe case of comple>k<(”) if |k(”)|>kH For this reason the
panels(a) and(c). The right edges of the energy windows for anisotropy of the transm|55|on coefficients with respect to
the CB-HH tunneling in panel&@) and(c) and of the second different directions ofk, is also small. The anisotropy is
energy window in pane(b) correspond to the energies for enhanced with increasinkj, and to illustrate this phenom-
which the normal component of the wave vector of the outenon we have performed a detailed numerical studykfor
going HH state in the GaSb cladding layer vanishes. The=0.245 nm?, at which the anisotropic effect is noticeable.
CB-HH tunneling probability is also weaker in parib) than  The results are shown in Fig. 3 for an InAs/AISb/GaSh
in panels(a) and(c) for all energies, except for those which sample grown on InAs, with panéh) for the CB-HH tun-
are near the right edge of the second energy window, resulieling and panelb) for the CB-LH tunneling. The solid
ing in a smaller current density in the structure grown oncurves are fork, along the[10] direction and the dashed
InAs. curves are fok; along the[11] direction. While the CB-HH

For a given value ok, the transmission coefficient de- tunneling probability is less anisotropic, profound aniso-
pends on the direction df; because of the anisotropy of the tropic features are found in the CB-LH tunneling probability,
bulk dispersion of holes in various layers of the structurethe profile of which displays two separated narrow-energy
resulting from the difference between Luttinger parametersvindows.

(v># y3) and also from the lattice-mismatch-induced strain.  Figure 4 shows similar results for an InAs/AISb/GaSh
This anisotropy of the transmission coefficients can be sigsample grown on GaSh. Here again we see a weak aniso-
nificant when the value df; is large. In the case of a small tropy in the CB-HH transmission through the sample. How-
k, it is much less than the absolute values of the normal tever, for the CB-LH tunneling, an additional very narrow
interfaces components of the wave vectors of the hole statdsigh-energy window appears in the transmission coefficient
in AISb and GaSb for most energies, except for those close tprofile whenk; switches from thd11] direction to the[10]

the boundaries of energy windows for the CB-LH anddirection. To find the origin of this additional sharp peak in
CB-HH tunnelings. Then for readZ”) the angle between the the CB-LH tunneling probability, we performed another cal-
wave vectors of states which have different directionk@$§  culation for an unstrained structure using the axial
small that results in negligible difference in bulk dispersion.approximation® The results are shown in Fig. 5 with the
Also, negligible difference in bulk dispersion can be found insolid curve for the CB-HH tunneling and the dashed curve

energy (eV)
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FIG. 4. The transmission coefficients for the InAs/AlSb/GaSb structure
grown on GasSb for the in-plane wave vector=0.245 nm* (a) for the — o8l |
CB-HH tunneling andb) for the CB-LH tunneling. The solid curves are for g
k, along the[10] direction, and the dashed curves are Kpalong the[11] ﬁ
direction. 2 06k /000 i
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g :
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for the CB-LH tunneling. We see clearly in Fig. 5 the ab- E
sence of the sharp peak in the high-energy regime. Conse- 5 oa
quently, this sharp peak is caused by the anisotropy of the “llE i
hole spectrum in bulk GaSb which is generated by both the ]
inequality of the Luttinger parametess # y5 and the strain 00 0l 02 03 04 05
induced by the lattice mismatch. Because of the complicated (¢ bias voltage (Volts)

anisotropic dispersion of holes in GaSb, at large valudg of
it is possible to have three different critical energies, at eact’

G. 6. The current-voltage characteristics of the InAs/AISb/GaSb struc-
tures at the temperature of 77 (&) for the unstrained structuréy) for the

of which kz of the outgoing LH state in the GaSb cladding strained structures grown on InAs, afal for the strained structures grown

transmission coefficients

FIG. 5. The transmission coefficients for the unstrained InAs/AISb/GaSh
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on GaSb. The solid curves are for the total current density, the dashed curves
for the CB-HH contribution, and the dotted curves for the CB-LH
contribution.

layer vanishes. These three critical energies correspond to the
right edge of the lower-energy window for the CB-LH tun-
neling and the two edges of the higher-energy window. With
further increase ok, to 0.3 nm%, the CB-LH tunneling and

the CB-HH tunneling become forbidden.

Since we found that the anisotropy of the transmission
coefficients is small for most of the tunneling processes, it
cannot be detected in thHe-V characteristics. To calculate
the |-V curves, we have set the donor concentration in the
left InAs cladding layer and the acceptor concentration in the
right GaSb cladding layer to be ¥0cmi™3, which are the
values for the experimental sampf‘e@ur calculatedl -V

structure calculated with the axial approximation. The solid curve is for theCUrVes at 77 K are shown in Fig. 6, where pafalis for an

CB-HH tunneling, and the dashed curve is for the CB-LH tunneling.

unstrained InAs/AISb/GaSb structure, parb) is for a
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strained structure grown on InAs, and partel is for a 10° - —
strained structure grown on GaSb. The solid curves are for
the total current which consists of two components: the
CB-HH tunneling contribution shown by the dashed curves
and the CB-LH contribution indicated by the dotted curves.
Our finding of larger tunneling current densities in pan-
els(a) and(c), as compared to that in pan@l), is consistent
with the corresponding transmission coefficients in Fig. 2.
Among the three cases in Fig. 6, only in pariB] is the
contribution of the CB-HH tunneling process larger than that ]
of the CB-LH tunneling process for all the values of the ; A /\
applied voltage. In this sample, the HH band edge of GaSb 0.00 0.05 0.10 0.15
lies above the LH band edge by approximately 0.048 eV. (@) energy (V)
Hence holes occupy mainly the HH states in the GaSb clad- 10° . .
ding layer, and thus the tunneling into the HH states is the i i
dominating process. Small hole occupation of the LH states 10" i .
in the GaSb cladding layer in the structure grown on InAs is
another reason for the strong suppression of the CB-LH tun-
neling current component and the total current density in this
sample. We would like to point out that in pargib) when the
CB-LH tunneling current vanishes at higher bias voltage, the
CB-HH tunneling current density is still significant. This is
due to the splitting of the GaSb valence band. At high volt- 10°F /\ A
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transmission coefficients

ages, the band edge for the light-holes becomes lower than
the conduction-band edge of the InAs cladding layer near the 103100 0.05 0.10 015
barrier, and the tunneling into the LH states becomes forbid- (b) energy (V)
den.
We notice that the peak current density for the strained!G. 7. Transmission coeffigients for the InAs/AISb/GaSb/InAs/
sample grown on GaSb is higher than that grown on InAs, irf:/Sb/Gasb structure for small in-plane wave veckor0.001 nnt. The
. . : solid curve is for the unstrained structure and the dashed curve is for the
agreement with the experimental observationddore pre-  ciained structure.
cisely, the peak current density of about 0.95 kAfémFig.
6(c) is in good agreement with the experiment for the struc-
ture with a 3-nm barrier thicknedThe observed value ob- Pproduce very narrow widths of the resonant levels in the
tained from Fig. 4 in Ref. 4 is about 0.8 kA/émThe peak Well. If we use this barrier width in our calculation, it will
current density of about 0.08 kA/& Fig. 6b) is less than take an impractical amount of computer time to derive the
that in Ref. 5, which is about 0.16 kA/&nThis difference |-V curves. Hence, for practical purposes, we set the barrier
is due to the larger donor concentration in the InAs claddingvidth to 1.5 nm.
layer and the acceptor concentration in the GaSb cladding For CB-HH and CB-LH interband tunneling with in-
layer (10*® cm™ and 5x 10'® cmi 3, respectively of the ex-  plane wave vectok,=0.001 nm?, our calculated transmis-
perimental sample grown on InAs. Our calculation for thesion coefficients are shown in Fig. 7, where pafalis for
sample with these doping levels at room temperature, aunneling through an unstrained structure and pének for
which the experiments were performed in Ref. 5, gives ara strained one. The solid curves are for the CB-HH tunneling
excellent agreement with the experiment for the peak currerdnd the dashed curves are for the CB-LH tunneling. The
density. labels  and 1h indicate the resonant tunneling through the
electronlike and the LH-like levels in the InAs/GaShb quan-
) tum well, while the interband tunneling through the HH-like
B. Double-barrier structures states in the well is negligible for such a small valuekpf
The tunneling current in the double-barrier Also, the HH states are almost decoupled from the other

InAs/AISb/GaSb/InAs/AlSb/GaSb structure grown on States fork;=0.001 nm* and the transmission coefficients
GaSb was investigated experimentally in Ref. 9. In one ofnto the HH states are very small. We notice that both the 1
the experimental samples, in the quantum well the width ofnd 1h states shift downwards due to the lattice-mismatched
the GaSb layer is 6.5 nm and the width of the InAs layer isstrain. The shift of the & level is due to the shift of the
12 nm. In our calculation, we use these layer widths. Theconduction-band edge in the strained InAs layer, while the
energy-level structures in InAs/GaSb quantum wells wereshift of the 1h level is most likely a result of its hybridiza-
derived earliet”?°and we have performed such calculationstion with the % level.

for the quantum well with 6.5-nm GaSb and 12-nm InAs and ~ With a large value of the in-plane wave vector, an elec-
have used this information to assign the resonant-tunnelinfon can also tunnel through the HH-like states. Because
peaks obtained in our present work. The two barriers in théhere is no inversion symmetry in the quantum well, the spin
experimental sample have the same width of 3 nm, whiclsplitting of each energy level doubles the number of
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FIG. 9. The room-temperaturg800 K) current-voltage characteristics of

FIG. 8. The transmission coefficients for the .
. the InAs/AlSh/GaSh/—InAs/AlSb/GaShb structu@ for the unstrained
InAs/AISb/ GasSb/InAs/AlSb/GaSb structure for in-plane wave vegtor structure andb) for the strained structure grown on GaSb. The solid curves

- gl i i -
=0.145 nm _(a) for the unstrained structure arﬁk:l)_ for the strained struc are for the total current density, the dashed curves for the CB-HH contribu-
ture. The solid curves are for the CB-HH tunneling, and the dashed CUrVeg " and the dotted curves for the CB-LH contribution

are for the CB-LH tunneling.

_ o , _ . realistic, we set the donor concentration to bé®n= and
resonant-tunneling channels, resulting in the spin splitting of},o acceptor concentration to bex&08 cm3, which are the
each peak of the transmission coefficient. F&  goping levels in the experimental sampleSur calculated
=0.145 nm?, the calculated transmission coefficients are|_y/ characteristics at 300 K are shown in Fig. 9, where
shown in Fig.' 8. Since theT anisotropy is negligiblly small forpanel(a) is for the unstrained structure and pafiel is for
such a magnitude of the in-plane wave vector, in Fig. 8 Wene srained one. The solid curves represent the total current
only show the transmission coefficients for thealong the  gengity with the contributions from the CB-HH tunneling
[10] direction. The top pane®) is for an unstrained sample, \,irent in dashed curves and from the CB-LH tunneling cur-
and th_e bpttom par_m{b) IS for a strained one. The_CB-HH rent in dotted curves. The difference between the shapes of
tunneling is shown in solid curves and the CB-LH in dashedy,q 10|\ curves is consistent with the difference between
curves. The labels fth and hh indicate the tunneling he two transmission coefficient profiles in Fig. 8. Since the
through the first and second HH-like quasibound levels in thqm levels in the quantum well are much lower than the
well. The strain-induced shifts of thénh and Znhlevels are  permj energy in the Gash cladding layer for all positive bias
small because of the weak coupling of these states todhe 1q|rages, the interband tunneling occurs mainly through the
state:” The spin splitting exhibited in our sample is much 16 anq hh levels in the well and with little contribution
larger than that reported for the InAs/GaSb/AISb/GaSkym peing through thetthlevels. In an unstrained structure,
structure.” The enhancement of the spin splitting here is duépe 16 jevel and hhlevel are closer to each other, and there-
to the strong asymmetry of the structure. The spin splittingore may produce a sharper peak of the current density. The
changes with the lattice-mismatched strain. We found th%xperimentally observet-V curveé® has more shoulders as
additional peak of the transmission coefficients caused onmpared with thé—V curve in Fig. 9b). This may be ex-
tunneling through the light-hole states in the quantum wellyained by the fact that the barrier width of the experimental

for the strained sample. These processes become permitiedynie is 3 nm instead of the 1.5 nm used in our calculation.
because of the lowering of the conduction-band edge in the

strained InAs cladding layer.

Using these transmission coefficients to calculate thelzv' CONCLUSION
tunneling  current  through the above  studied In summary, we have demonstrated that the bulk aniso-
InAs/AISb/GaSb/InAs/AISb/GaSb RTS, we need totropy and the strain induced by the lattice mismatch can have
specify the bipolar doping in both cladding layers. To bea significant influence on the interband tunneling processes
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