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Dynamical conductance through InAgGaShk/InAs and InAs/AISb/GaSKHAISb/InAs structures
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Using the general current-conserving theory developed by Buttiker for ac transport, the dynamical conduc-
tance of InAs/GaSh/InAs and InAs/AlISb/GaSb/AISb/InAs structures are calculated within the two-and k
model. In these interband systems, there is an energy widd®ewvithin which the transmission coefficient is
nonzero. When the frequency of the external bias is comparable to this energy window, the real part of the
dynamical conductance shows a series of plateaus that are well correlated with the profile of the transmission
coefficient. The number and positions of the plateaus can be varied by changing the frequency. At frequencies
much smaller tham\E, the phase of the dynamical conductance is well described by the emittance. As the
frequency is increased, the capacitivelike and inductivelike behaviors observed at off-resonance and on-
resonance, respectively, are enhanced.
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[. INTRODUCTION show the dependence of coupling of heavy-hole statkon
Genoeet al13also calculated the relation kfi and the trans-
The polytype heterostructures which consist of AISb,mission probability of InAs/AlSb/GaSb/AISb/InAs under
GaSh, and InAs were proposed by Esakal!in 1981. The eight-band theory. Yet al'* analyzed thé-V characteristics
special alignment of the conduction and valence bdnds  of InAs/GaSb/InAs with different GaSb layer thicknesses.
the 1.5-eV overlapping of the InAs conduction band and thekitabayashiet al'® investigated thd -V characteristics of
GasSb valence bandas well as the coupling between them InAs/AISb/GaSb/AISb/InAs with extremely thin AISb barri-
make the interband tunneling possible. Sweeny antiXa-  ers, and found that when 0.5-ML-thick AISb barrier layers
posed resonant interband tunneli(®IT) diodes which in-  were inserted, NDR appeared. Golezaet al'® measured
corporated resonant and interband tunneling in quanturthe temperature dependence of zero-bias differential tunnel-
wells, and resulted in high speed and low excess currenfng conductance of InAs/AISb/GaSb/AISb/InAs under a
When a large forward bias is applied, a negative differentiamagnetic field.
resistance(NDR) can be observed. Later on, @ostran So far, all the theoretical studies focused on dc transport.
et al® proposed and demonstrated NDR and a high peak-teSince all devices are operated under an ac bias, it is impor-
valley (P/V) current ratio in the InAs/AISb/GaSh/AISh/InAs tant to study ac transport through interband structures. It has
structure. Such a structure is considered as a RIT diodeeen emphasized by Buttikétthat in dealing with ac trans-
which is a combination of an Esaki diode and a doubleport, the current will not be conserved. This is because the
barrier resonant diode. On the theoretical side, Yang arfd Xuexpression of the current obtained either from the usual
analyzed the dependence of the energy levels and lifetime afandauer-Buttiker formula or the equation of motion using
resonant states on the well width and barrier thickness of thehe nonequilibrium Green’s function is for the conduction
leaky quantum well systems, which are GaSb/InAs/GaSbgurrent. In the presence of ac bias, the displacement current
InAs/GaSh/InAs, GaSb/AISb/InAs/AlISb/GaSh, and InAs/due to the charge accumulation plays an important role and
AISb/GaSb/AlSb/InAs. Using two-band - theory, the has to be considered. For this purposéttikar et all’ de-
transmission properties of RIT in the polytype heterostructived a general theory of the ac conductance for a multiprobe
tures based on InAs, AISb, and GaSb are also anaRy2ed. and multichannel conductor. The theory was formulated us-
Nevertheless, a more realistic description of the RIT woulding the scattering matrix. In this paper, we numerically cal-
be the eight-band Jp theory’ This is because eight-band k culate the ac conductance of InAs/GaSbh/InAs and InAs/
-p theory also considers the heavy-hole and split-off b&nds AlSb/GaSb/AISb/InAs structures using Buttiker’s theory. A
while the two-band kp theory just considers the light-hole unique feature of the interband structure we considered is
and conduction bands. Indeed, heavy-hole and split-ofthat it has an energy window &fE=0.15 eV within which
bands do contribute in the transmission procedewever, if  the transmission coefficient is nonzero. Because of this, we
the wave vector is taken to be normal to the interfades ( found that when the frequency of the external bias is com-
=0), the heavy-hole and split-off bands are neglighle, parable to the energy window, the real part of the dynamical
due to the symmetry of the Bloch functiohsDavidovich  conductance exhibit a series of plateaus. The number and
et al’? calculated the density of states and the currentwidth of the plateaus are equal to the number and level spac-
voltage (-V) characteristics of InAs/AISb/GaSb/AISb/InAs ing of the resonant states in the interband structure, respec-
and GaSh/AISb/InAs/AISb/InAs the using nonequilibrium tively. When the frequency is smaller than the energy win-
Green’s function method. Kiledjiagt al ! calculated thé-V ~ dow an extra plateau can appear, with the position depending
characteristics of various InAs/AlISb/GaSb systems, anan the frequency. At a frequency much smaller tids, the
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imaginary part of the dynamical conductance is well de- D

scribed by the emittancé.As the frequency is increased, <
both the inductivelike behavior observed on the resonance
and the capacitivelike behavior observed off the resonance
are enhanced. The paper is organized as follows. In Sec. I, 0.83
the theory for dynamical conductance and the numerical
method are outlined. In Sec. lll, the results are presented and

. . . . . Ec 0.15 v
discussed. The conclusion is given in Sec. IV. 0.36
Ev ’
Il. THEORY InAs GaSb InAs
We start with the general expression for the ac conduc- FIG. 1. The schematic band diagram of the InAs/GaSh/InAs
tance of a noninteracting systéem® structure.
2 _
G ()= e_f dETH1,6,5—S. o(E)S,s(E+Hw)] The dynamical conductandg= Gy, is a complex quantity,
ap h atap  Safi = Rab with its real partGg describing the dissipation and its imagi-
f(E)—f(E+ho) nary partG, characterizing the phase difference between the
X 7 , (1) current and the voltage. At small frequency, it is appropriate
w

to describeG,,4(w) using Buttiker’s formalisnf according
wheres,; is the scattering matrix ané(E) is the Fermi  to which the dynamical conductance can be expanded as a
energy. At zero temperaturé(E) is a step function and power series in frequencyw, Gji(w)=G;1(0)—iwE;;
f(E)=6(E—Eg). For a two probe system, we hataetting  + »?K,;+O(w?). Here E;; is the emittanc® which has
e’/h=1 andfi=1) been studied extensively.The emittance describes the re-
sponse of the system to the external ac bias, lpdde-
1 (Eg scribes the correction to the real part of the dynamical con-
G;p(w)= Zf dE[ 8,5~ Sip(E)Sap(ET ®)], (2 ductance at small frequency. E,, is positive, the system
Em responds like a capacitor. On the other hand, the system
with its real part and imaginary parts as shows an inductivelike behavior for a negative
emittanceé®*?° Physically, the capacitivelike behavior means
1 (e that the current follows the voltage and the inductivelike
REGE4(w)]= _f {8,5—RE S5 4(E) IRE S, p(E+w)] behavior means that the voltage follows the curfént.
WJE, In this paper, we consider InAs/GaSb/InAs and InAs/
AISb/GaSh/AlSb/InAs structures. Based on the work of Yang
+Imsi(E)]ims,p(E+w)}dE, () and Xu® I'-point and flat-band approximations will be taken.
Note that our system is an ideal model. The impurity scatter-
—1 (Ef ing, emitter notch quantization, and band bending, as well as
Im[GzB(w)]= —J {Im[szﬁ(E)]Re[saB(E+ )] band mixing, have not been considered. Hence in the experi-
@ JEm ment, only qualitative features may be observed. The sche-
matic band diagrams of InAs/AISb/GaSb and InAs/AlSb/
GaSb/AlSb/InAs are shown in Figs. 1 and2.The band
whereE,,=maxEg— ,0} because no scattering state is al- edge energy and the effective mass of the GaSbh, AlSb, and
: : : InAs are taken as follows?’:2
lowed for negative energy. As pointed out by Buttike6$,
is the contribution from the conduction current. The dis-
placement current due to the charge accumulation has to be d D
taken into account in order to conserve the current. To do
that, one needs to include electron electron interaction at
least to the Hartree level, and solve the Poisson equétion.
In this paper, we will use a phenomenological current con-
serving theory’?*which includes the effect of electron elec- 1.97 0.83
tron interaction by the partition of the displacement current.

d
The dynamical conductance of this theory is give®by Ee 0.15
036 | 0.25

+ Re[szﬂ(E)]lm[SaB(E-i— w)|}dE, (4)

2 Giy(@) X Gylw) Ev
— c Y B InAs  AISb GaSb AISb InAs
Gupl@) =G p(w) = )
E G () FIG. 2. The schematic band diagram of the InAs/AlSb/GaSb/
v AISb/InAs structure.
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GaSb AISb InAs
E.(eV) 0.83 1.97 0
E,(eV) 0.15 —0.25 -0.36
m*/mq 0.05 0.146 0.027
For this two-band model, the Hamiltonian is giver?by
ﬁZ
Ect+ 5—k? hPk
2mg
hPk E,— =—Kk>?
2mg

whereP is a constant. In order to calculate the dynamical
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where A and B are coefficients of each layer. By matching
wave functions at the boundary of interface and multiplying
the transfer matrix of all interfaces, we obtain & 2 transfer

matrix M with a matrix elementn ;,
A
B1

An

=M
B,

, (19

whereA,, B, andA,, B,, are the coefficients of the first and
last layers, respectively. Then, the scattering matrix is de-
fined as

conductance, we have to obtain the scattering matrix first. ) )
For the InAs/GaSb/InAs structure, the scattering matrix carfom which we obtain

be solved exactly,

BE.+ By,
__t 2 oKkl
Su=—F (€72 —-1) (7
and
4By, B,
ST fF eket, tS)
where

F= (= 1+ €™ (B~ Bl + 2i(1+ €72 By By, (9

and (q, ,8,(1) and (k3, i,8ké) are the k, B,) values of the

InAs and GaSb layers, respectively. Herés the thickness

of the GaSb layer, and
Bk=hPK(E—E,), (10)

k=[(E-E(E—E,)]Y4(#P). (12)

We can calculate the value Bfby using the following equa-
tion:

m* =[my '+ 2P?(E.—E,)] % (12
WhenL is large,e%2>1, the terme®2- dominant, and so,
2 _ a2
Bi, By, 2iBy,Buy

=5 2 5 2
Bkl_}'ﬁké ﬁk1+18k£

S11 (13

which shows that wheih is large thes;; is approximately
independent of..

For the InAs/AISb/GaSh/AISb/InAs structures, the scat-
tering matrix can be easily calculated numerically. In this
paper, we use the one-dimensional transfer matrix méthod

which is suitable for the two-band- g model. The solution
of the two-band Schidinger equation

Ve
N4

Aexplikz)+B exp —ikz)

:[ﬁk[A exgikz)—Bexp—ikz)]]”

v

B: A1
Aqexp(ikL) =5 B.exp(—ikL)|’ (16
o= Mp1/Myy (M= MMy /Myq) explikL)
| exp(ikL)/my; —myexp(2ikL)/my;
17)

whereL=D +2d, D is the thickness of the GaSb layer, and
d is the thickness of the AISb layer. Equatiof®, (4), and
(17) allow us to obtain the dynamical conductance numeri-
cally.

IIl. NUMERICAL RESULTS AND DISCUSSION

The numerical results db,4 versus the Fermi enerdye
at different frequencie® and different thicknesses of layers
are calculated using Egé&3) and (4). In all of the plots the
unit of conductance is measuredgf'h and the frequency is
measured in eV.

Figure 3 shows the real and imaginary part€gf versus
Er at small frequencies wittd =300 A andd=0. ForD
=300 A andd=0, four resonant states are found in the
energy window ranging fronk. of InAs to E.+0.15 eV.
Different from the normal caséhe one-band modgivhere
the higher resonant level has a broader peak, for the inter-
band model(two-band model studied here the situation is
reversed. When the frequency is turned on with
=0.001 eV, the conductance at different energies are mixed.
As a result, the resonance is suppressed. This suppression of
the resonant peak is most significant for the sharpest peak at
higher energy. As one increases the frequenay+a.005 or
0.01 eV, the peak value of the resonance drops drastically
and a double-peak structure shows up. This behavior can be
understood as follows. Near a resonant peak, the scattering
matrix can be described by the Breit-Wigner formula. For a
symmetric system, we have

=) '—F/Z 18
Sap~ %ap” | AEFIT /2" (18
where AE=E—E,, E, is the resonant level, anB/2 de-
scribes the lift time of the resonant level which also charac-
terizes the half-width of the resonant peak. If the scattering
matrix can be approximated by its Breit-Wigner form, the
dynamical conductance can be obtained exattly,
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FIG. 3. Dynamical conductance vs Fermi enekgy at small
frequencies(a) Real part: ReG,y). (b) Imaginary part: ImG,,).
HereD =300 A andd=0.

r AE+w AE-w
RQCGE]_]Z %[arcta+ﬁ —arcta+W ]
(19
and
C 11— 2 2 _ 2
Im[G7,]= 167Twln{[(AE+w) +(T'12)7][(AE— w)
+(F/Z)Z][(AE)2+(F/Z)Z]iz}. (20
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dNn 1 T 03
dE 27 A7 @3

with A2=(E—E,)?+1'%/4. Following observations are in
order. First, at the resonancek;;~(w/I") and Ki;
~(w/T)?. Second, we see that at the resonance the emit-
tance is positive and becomes negative WHE&R-E,|
>TI'/2. Furthermore, near the resonarigg(w) <Gg(0) be-
causeK,<0. However, When|E—Er|>F/2\/§, K11 be-
comes positive. Thus on the resonance, the real part of the

dynamical conductance B(glﬂ is always smaller than the
corresponding dc conductance. Since the DON/dE
~TI" "1 at the resonance, we filt,;~ —I' "2. Thus, a larger

reduction of ReG,) for a sharper peakwith a smallerl")

as is the case for the fourth peak in Figa)3 Equation(22)
also shows a double-peak structure with two maxim& at
=E,*I'/2 which agrees what was shown in Figag8 We
now examine the imaginary part of the dynamical conduc-

tance INiG4,] [Fig. 3(b)]. Generally speaking, the inductive-
like behavior on the resonance and the capacitivelike behav-
ior off the resonance are enhanced. Specifically, at a small
frequencyw=0.001 eV, we see a typical behavior of the
emittance of resonant peaks governed by (&d). According

to Eq. (21), the smaller half-width" gives rise to a larger
peak value for the emittance. When the frequency is in-

creased taw=0.005 eV, the peak value of [iG,,] for the
first three resonant peaks increases according t¢ZHgdue
to their relatively largd”™ compared withw=0.005 eV. The

behaviors of REgG,;] and InfG,4] at smallw can also be
understood qualitatively from a classical circuit motfel.
Due to both inductivelike and capacitivelike responses, our
system can be considered as an inductor in series with a
parallel connection of a capacitor and a resistor. For this
classical circuit the dynamic conductance can be writtem

the following form up to the second order in frequeney

1 L )
G(w)=§—lw C—E +w ﬁ (29

L L
2C—¥.

The linear term inw, which corresponds to the nondissipa-

tive part of the dynamic conductance [Igh]], exhibits a
competition between two different dynamic response< If
>L/R? the response is capacitivelike with a negative

Im[G,4], and|Im[G,]| increases linearly witho at small

For smallw and near a resonance, the emittance and th&€duencies, which is consistent with our calculation. A simi-
quantity K,; has been obtained from the Breit-Wigner for- lar argument for IfiG,;] applies to the inductivelike region

mulas[Eqgs.(19) and (20)] (Refs. 26 and 30

' T?/2—A?
E11=—§T (21
and
A S dN\®
Kll:?[(E_Er) —I<12] JE| (22

where the density of statéd®OS) dN/dE is defined as

whenC<L/R?. The transition from capacitivelike to induc-

tivelike behavior occurs whe@=L/R?, when In[glﬂ van-
ishes to the second order in On the other hand, the dissi-

pative component R&q4], near the resonant point, can
increase or decrease with depending on the sign of the
second-order term in EqQ24). According to this picture
Rg G,,] decreases whe@<L/(2R?) and increases other-
wise, which is consistent with Fig.(&. Note, however, that
when the frequency is so large that or higher order terms
cannot be neglected, E4) breaks down.
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FIG. 5. The integrand of Eq:3) vs energyE at different fre-
0.00 guencies. Her® =300 A andd=0.
_ to the large barrier of GaSb. Whes=0.15 eV, s;4(E + )
Nﬁ is roughly a slow varying function dE whereas Res;;(E) ]
X 006 has a resonant feature with peaks at resonant |I&V&s.the
() second term of E¢3) has a similar behavior of Re;4(E)].
E As a result, the integrand of EQ3) exhibits peaks at reso-
012 nant levels very similar to the transmission coefficiésge
the solid line in Fig. 5. After integration fromE=0 to E
=Eg, the conductance jumps wheneugg hits a resonant
peak giving rise to the plateaulike structure. The third term
o ' o ' s of Eq.(3) is much small but not negligible and it rounds off

E(eV) the sharp plateaus. Far=0.3 eV we see a similar behavior,
but the plateau is not as flat. Far=0.13 eV, we see an
FIG. 4. Dynamical conductance vs Fermi enefgy at large  additional plateau. This can also be understood within the
frequencies(a) Real part: ReG,,). (b) Imaginary part: ImG,,).  Picture discussed above. Whe®»=0.13 eV, Rgsy;(E
HereD =300 A andd=0. + )] is a slowly varying function oE whenE>0.02 eV.
However, whenE<0.02 eV, Rgs;;(E+w)] contains the

. . resonant feature of the fourth peak in the transmission coef-
Whenw is increased further to 0.01 eV, the higher order icient at E~0.01 eV. The product of Re,y(E+ )] and

terms in the expansion of the dynamical conductance have d5,4(E)] gives rise an extra peak &t=0.01 eV in addi-

be considered. Thus, the peak value of Bp,] saturate for  jon (g the case ob=0.15 eV(see the dashed line in Fig).5

the first and second resonant peaks and decreases for %ifis exra peak in turn gives rise to the extra plateau in Fig.
third peak. Since the half—wdtﬂ of the fourth resonant peak Sy(a) (solid line). Moreover, wheno<0.1, the curve is rather
smaller thanw=0.005 eV, IniG,,] decreases quickly as the complicated and irregular. For the imaginary part of the con-
frequency is increased according to E80). When the fre-  ductance, we see a spikelike behavior which can also be
quency is further increased by one order of magnitude to interpreted using the above picture. Now we discuss the in-
=0.13 and 0.3 eV, which are comparable to the transmissiofluence of the thickness of the barriers inserted in the struc-
window (AE=0.15 eV) of the interband structure, we seeture (Fig. 6). As barriers are put in, this further confinement
plateaulike structures for the real part of dynamical conducpushes the resonant statessaﬁs a result, we see that the
tance[Fig. 4@]. This plateaulike structure and the resonantpositions of the plateaus are shifted to the right. Moreover,
peak structure in Fig. (@) (solid line) are well correlated the height of the plateaus are lower and flatter than before.
with resonant peak positions located at the start of each plaNote that there is an extra plateau when the barriers are in-
teau. The physics behind it can be explained as followsserted. This is because one more resonant state emerges
From Eq.(3), we see that R&j;) consists of three terms. within the energy window. Similarly, the spikes of the imagi-
The steplike plateaus come from the first two terms in Eqnary part of the dynamical conductance also move to the
(3). Whenw~0.15 eV the integration ranges in E@8) and  high energy end with the appearance of an additional spike.
(4) start from zero. This is because the transmission energkinally, in Fig. 7 we doubled the width of the GaSb layer
window is 0.15 eV, i.e., the range & is 0.15 eV. There is Approximately, the number of resonant states are also
no transmissive state whefi<0. WhenE is between 0.15 doubled, and so are the number of plateéamkes in the

and 0.83 eV, the transmission coefficient is almost zero dueeal (imaginary part of the dynamical conductance.
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FIG. 6. Dynamical conductance vs Fermi eneEgyat different FIG. 7. Dynamical conductance vs Fermi enekyat different
barrier widths(a) Real part: ReG4,). (b) Imaginary part: ImG,,). D. (a) Real part: ReG,y). (b) Imaginary part: ImG,,). Hered
HereD =300 A andw=0.15 eV. =0 andw=0.15 eV.

hibits a series of plateaus which is well correlated with the

profile of the transmission coefficient. We found that the
Using current conserving and gauge invariant ac transpoM’idths of the plateaus are equal to the I_e_vel spacings of the

theory, numerical solutions of the dynamical conductancéesonant states. The numbers and positions of the plateaus

G, are obtained for InAs/GaSb/InAs and InAS/AISb/Gash/¢2! be controlle? byhchang|tr)19 ':jhe external frequ]Jency. This
AISb/InAs structures. In these structures, there exists an erﬁ—g;q;:vi% r:%ert)llicgtrict)ni wKesr ﬁ(gliksgrgtcrfgﬁjg% a?svc? f%%tr?(;]'
ergy windowAE=0.15 eV'such that the transmission coef- for the ima iﬁgr art 6f thepd namical conductance within
ficient is zero when the Fermi energy is outside of the his f ginary p y

window. When the frequency of the external bias is smaIIe|I IS frequency range.

than the lifetime of the resonant state, the response of the
system is well described by the emittance. Generally speak-
ing, the inductivelike (capacitive-like¢ behavior when the We gratefully acknowledge financial support from RGC
system or(off) the resonance is enhanced as the frequency igrant(HKU 7113/02P from the government of Hong Kong
increased. When the frequency is comparable to the energgyAR and a grant from CRCG of The University of Hong
window AE, the real part of the dynamical conductance ex-Kong.
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