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Multiphoton-assisted absorption of terahertz radiation in InAsÕAlSb heterojunctions
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We have calculated the free-carrier absorption percentage of intense terahertz~THz! radiation in InAs/AlSb
heterojunctions~HJ’s!, by considering multiple photon process and conduction-valence interband impact ion-
ization within the extended balance-equation theory. In the calculations we have included the electron-acoustic-
phonon scattering, electron-polar-optical-phonon scattering, and elastic scattering both from the remote
charged impurities and from the background impurities, and as many as needed hole subbands and multiphoton
channels are self-consistently taken into account for getting a required accuracy. It is indicated that the THz
radiation with a larger amplitudeEac or a lower frequencyf ac has a stronger effect on electric transport
characteristics. Good agreement is obtained between the calculated absorption percentages and the available
experimental data for InAs/AlSb HJ’s atf ac50.64 THz.
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I. INTRODUCTION

Under the influence of terahertz~THz! radiation, low-
dimensional electron gas exhibits many interest
phenomena,1–5 such as THz radiation-induced dc curre
suppression,1 multiphoton-assisted resonant tunneling2

negative absolute resistance,3 and Shapiro steps on d
current-voltage curve.4 A few years ago, Markelz and Asma
et al.5 made far-infrared~THz! transmissions, reflections
and dc photoconductivity measurements to study free-ca
absorption and impact ionization caused by THz radiation
InAs/AlSb heterojunctions~HJ’s!. These experimental ad
vances motivated new theoretical interests in THz op
electronics.6–12 One of the authors recently developed a
of balance equations6–8 for electron transport in semiconduc
tors driven by an intense THz radiation field. In the balan
equation theory the slowly varying part of the center-of-m
velocity is distinguished from the rapid oscillating part of
and all the multiphoton processes due to the intense T
radiation are included. The equations has been success
used to study the effect of an intense THz radiation on e
tron transport in quasi-two-dimensional~2D! systems6,7 and
in superlattice minibands.8 The purpose of this work is to
extend the balance equation approach6–8 to include impact
ionization ~II ! process,13,14 and apply it to study free-carrie
absorption and electron-hole generation in InAs/AlSb H
driven by THz radiations having various frequency a
strength. Multiple photon processes are investigated in de
The free-carrier absorption percentages of intense terah
~THz! radiation in InAs/AlSb HJ’s are calculated by consi
ering conduction-valence interband II, and quantitativ
compared to the available experimental data.5
0163-1829/2003/67~8!/085309~5!/$20.00 67 0853
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II. BALANCE EQUATIONS INCLUDING MULTIPHOTON
EFFECT AND II PROCESS

We consider a semiconductor HJ with a 2D energy wa
vector relation«s,ki

, wheres is the subband index andki

5(kx ,ky) is the 2D wave vector. When a uniform dc~or
slowly varying! electric field E0 and a uniform sinusoida
radiation field with the frequencyf ac and the amplitudeEac,

E~ t !5E01Eacsin~2p f act !, ~1!

are applied in the direction parallel to the HJ interface,
transport quantities will undergo both the rapid oscillati
~due to high-frequency radiation field! and the slow variation
~due toE0 and intrinsic relaxation times of the system!. If we
measure all the quantities as the average over a time inte
much longer than the period of the radiation field, the carr
conduction can be described by the following equations
the force, the energy, and the carrier number balance:6

dv
dt

5eE0•K1Aei1Aep1AII2gv, ~2!

dhe

dt
5eE0•v2Wep2WII2ghe1Si1Sp1SII , ~3!

dN

dt
5gN. ~4!

The above equations are the direct extension of the rece
developed balance equations6 to include II process13,14 in
semiconductors driven by a THz electric field. The transp
state of electrons is described by the effective momen
shift pd , electron temperatureTe , and electron chemical po
©2003 The American Physical Society09-1
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tential m determined by electron sheet density,N
52(s,ki

f @(«ski)2m)/Te] with f (x)51/@exp(x)11# the
Fermi distribution function. On the other hand, since the
fective hole mass is usually much larger than that of
electron, the drift movement and heating of hole gas are
noticeable in comparison with those of the electron gas, t
the hole gas may be described by the lattice temperatuT
and hole chemical potentialmh. In Eqs. ~2!–~4!, e is the
carrier charge,g is the net electron-hole generation rate
balancing impact ionization generation and Auger recom
nation.Aei , Aep, andAII are the frictional accelerations re
spectively due to electron-impurity scattering, electro
phonon scattering, and conduction-valence interband
process.Wep and WII are the energy-loss rates respective
due to electron-phonon scattering and conduction-valence
terband II process. Their explicit expressions can be foun
Refs. 13–15.Si , Sp , andSII are the energy-gain rates of th
electron system from the radiation field through the mu
photon process (n561,62,...) in association with electron
impurity interaction, electron-phonon interaction, and II pr
cess, respectively. They are respectively expressed by

Si5
1

N (
s8,s,qi

uŨs8s~qi!u2 (
n52`

`

Jn
2~qi•rv!

3nvP2~s8,s,qi ,v02nv!, ~5!

Sp5
2

N (
s8,s,q,l

uM̃ s8s~q,l!u2 (
n52`

`

Jn
2~qi•rv!

3nvP2~s8,s,qi ,Vql1v02nv!

3Fn S Vql

T D 2n S Vql1v02nv

Te
D , ~6!

and

SII5
2

N (
s8,s,ki ,qi

uM̃ s8,s
II3

(qi)u2 (
n52`

`

Jn
2~qi•rv!

3nvP2~s8,s,qi ,v22nv!

3F f S jki2qi

Te
D 1n S v22nv

Te
D G

3F f S jki

T
D 2 f S v11mv2/21«k

h1m

Te
D G , ~7!

in which rv5eEac/mv2, v52p f ac is the angular frequency
q5(qi ,qz) is the three-dimensional phonon wave vec
with qi5(qx ,qy), v05qi•v, v15kxv, v25v11mv2/2
1«ki

h 1«s,ki2qi
, jki

5«s,ki
2m, jki

h 5«ki

h 2mh, «ki

h 5Eg

1ki
2/(2mh) is the hole dispersion withmh the effective hole

mass. Since the separations between different hole subb
are much smaller than those of electron subbands, more
subbands would take part in the transport process than e
tron subbands do. For simplicity, we will neglect their sep
ration but include contributions of a finite number of ho
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subbands, which are implicitly included in the summatio
of all the above expressions. In Eqs.~5!–~7! n(x)
51/@exp(x)21# is the Bose function, andEg is the band gap
between the bottom of conduction band and the top of
lence band.P2(s8,s,qi ,V) is the imaginary part of electron
electron correlation functions, which shares the same exp
sion with that given in Ref. 16.Jn(x) is thenth-order Bessel

function.Ũs8s(qi) andM̃ s8s(q,l) are the matrix elements o
electron-impurity interaction and electron-phonon intera
tion, respectively.Vql is the phonon frequency of wave vec

tor q and the branch indexl. M̃ s8,s
II (qi) is the Fourier repre-

sentations of the band-band Coulomb interaction ma
element for II and Auger processes in 2D semiconductor s
tem given by16,17

M̃ s8,s
II

~qi!5I s8,s~qi!I ccI cv

e2

2«0kqij~qi,0!

[CII

e2

2«0kqij~qi,0!
, ~8!

where I cc and I cv are overlap integrals of conduction
conduction bands and conduction-valence bands, res
tively. k is the dielectric constant of semiconductor.I s8,s(qi)
is the form factor, andj(qi , 0)512V(qi)P1(qi,0) is the
screening factor@see Eqs.~39! and ~70!–~75! in Ref. 16#.

j(qi , 0) makes interband matrix elementM̃ s8,s
II (qi) be the

short range, i.e., it is finite atqi50. In the calculations we se
CII[I s8,s(qi)I ccI cv in Eq. ~8! as the only adjustable param
eter in the following calculations, which is determined b
fitting to experiments.

The total energy-gain rate is defined by

S5Si1Sp1SII . ~9!

The combination of bothn and 2n terms in Eqs.~5!–~7!
represents the total net contribution toS from the n-photon
(n>1) emission and absorption processes. We there
write S in a sum of all orders ofn-photon contributions,

S5 (
n51

`

Sn , ~10!

whereSn is the total contribution from terms having indexn
and 2n in Eqs. ~5!–~7!. For quasi-2D systems, we can u
the ratio of the energy loss of the electromagnetic radiat
after passing through the 2D sheet to the energy of the e
tromagnetic wave into the system, as a measure of the
sorption of the radiation. By a direct manipulation, we obta
the nonlinear free-carrier absorption percentage,

a5
2S

Ak«0cEac
2

, ~11!

in which c is the light speed in vacuum. To see the role
individual multiphoton processes, we define

an5
2Sn

Ak«0cEac
2

~12!
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to be the contribution of then-photon ~absorption and
emission! process to the total absorption percenta
a5(n51

` an .

III. ABSORPTION OF THz RADIATIONS IN InAs ÕAlSb
HETEROJUNCTIONS

Applying Eqs.~2!–~4!, we have performed numerical ca
culations for transport properties in THz-driven InAs/AlS
HJ’s. We consider the electron-acoustic-phonon scatte
~via the deformation potential and the piezoelect
couplings!, electron-polar-optical-phonon scattering~via the
Fröhlich coupling!, and elastic scattering both from the r
mote charged impurities and from the background impurit
Kane-type nonparabolic dispersion is used in calculating
inverse effective mass tensorK in Eq. ~2!. The nonparabolic
factor is set to bea52.73 eV21 for InAs. The role of the
three lowest subbands (s50, 1, and 2! is taken into account
The band-gap energy isEg50.22 eV. The energies of th
electron subbands are set to be«050, «1535 meV, and«2
5200 meV. Up to ten hole subbands are taken into acco
We set the sheet density of InAs wellN05531012 cm22,
depletion layer charge densityNdep5531010 cm22, back-
ground impuritynI56.8631015 cm23, and remote impuri-
ties in AlSb barrierNI51.5331011 cm22 located at a dis-
tance ofl 510 nm from the interface of the HJ. In the who
paper, the lattice temperature is set to beT5300 K, and the
dc field is assumed to beE051.5 V/m, same as that used
the experiments.5 The only adjustable parameterCII appear-
ing in Eq. ~8! is taken to beCII50.114 throughout the cal
culations. We have included contributions from as many
tical channels as needed for reaching a required inte
accuracy of 1024, i.e., the orders of the Bessel functionsn in
Eqs.~5!–~7! are set to be large enough so that the integ
are convergent within the accuracy. The maximum of m
tiple photon orders have been self-consistently determi
by the computing program. The material parameters u
here are typical values for InAs/AlSb HJ’s.

When a dc electric fieldE0 and an intense THz field in th
form of Eq. ~1!, E(t)5E01Eacsin(2pfact), are applied to
the direction parallel to the interface of InAs/AlSb HJ, the
process is treated as a kind of scattering mechanism, an
included by accounting for the II-induced frictional accele
tion Ai , II-induced energy-loss rateWi , II-induced energy-
gain rateSi , and the electron-hole generation rateg. When
the radiation is intense enough II processes occur and
tribute to carrier transport. In Figs. 1~a!–~d! we have respec
tively shown the calculated electron velocityv(t), electron
temperatureTe(t), sheet densityN(t), and the net carrier
generation rateg(t) as functions of time for the radiatio
field with Eac55 kV/cm and f ac51 THz at lattice tempera
tureT5300 K. The corresponding locally enlarged figures
the initial 60 ps are respectively plotted as their insets. D
ing the time evolution of the transport state there are t
noticeable steady states. One is the quasisteady state~QSS!,
as indicated by the insets, and the another is the comp
steady state~SS!, as shown in Figs. 1~a!–~d!. In the QSS
case, carrier velocity and electron temperature almost
come steady, i.e., they look like being independent of ti
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evolution@see the insets of Figs. 1~a! and~b!#, while the total
number of carriers is still increasing due to the II proce
with a net electron-hole generation rateg(5dN/dt) @see the
inset of Fig. 1~c!#. The total number of carriersN in the QSS
case is, however, not too far from the initial carrier numb
N0 . With the further evolution of time the QSS breaks u
The number of carriers increases more and more up to
complete SS withN/N051.162@see Fig. 1~c!#. The electron
velocity and electron temperature also increase with the t
evolution, and finally approach their SS at aboutt.800 ps.
At the complete SS case, electron-hole generation rate
recombination rate are equal, leading a zero net genera
rate (g50), as shown in Fig. 1~d!. In the SS case, all the
transport qualities are constants, hence they can be dire
solved from Eqs.~2!–~4! by setting the right-hand sides to b
zero (dv/dt50, dhe /dt50, anddN/dt50). In Fig. 2 we
show the calculated electron numberN/N0 and ~b! electron
temperatureTe /T as functions of wavelengthl of THz ra-
diations at different THz radiation strengthsEac54.5, 5, 5.8,
7, and 9 kV/cm, respectively. The electron numberN/N0 and
electron temperatureTe /T monotonically increases with in
creasing the radiation strengthEac and/or increasing the
wavelengthl. For eachEac the carrier number and the elec
tron temperature increases with the frequencyf ac. It can be
seen that larger radiation strength and lower radiation

FIG. 1. ~a! Calculated electron drift velocityv(t), ~b! electron
temperatureTe(t), ~c! electron numberN(t), and~d! electron-hole
generation rateg(t) as functions of time in InAs/AlSb heterojunc
tion ~HJ! driven by the THz radiation withEac55 kV/cm and f ac

51 THz at lattice temperatureT5300 K. The corresponding lo-
cally enlarged figures in the initial 60 ps are respectively plotted
their insets.
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quency lead to a larger electron-hole generation and hig
electron temperature. Actually, the role of THz radiation fie
on carrier transport increases with increasing the factorr v

5eEac/(mv2), appearing in the Bessel function in Eqs.~5!–
~7!.

In Fig. 3 we show absorption percentagea of THz radia-
tions in the InAs/AlSb HJ as functions of the amplitudesEac
at different radiation frequenciesf ac50.64, 0.8, and 1 THz,
respectively. The solid circles are the experimental results
f ac50.64 THz from Ref. 5, wherea512T2R with T the
transmission andR the reflection. Good agreement is o
tained between the calculated results and the experime
data. It is seen from Fig. 3 that, lower frequency leads

FIG. 2. ~a! Calculated electron numberN/N0 and ~b! electron
temperatureTe /T as functions of wavelengthl of THz radiations in
InAs/AlSb heterojunctions at different THz radiation strengthsEac

54.5, 5, 5.8, 7, and 9 kV/cm, respectively. In the whole paper,
lattice temperature isT5300 K.

FIG. 3. Absorption percentagea of THz radiations in InAs/AlSb
heterojunctions as functions of the amplitudesEac at different radia-
tion frequenciesf ac50.64, 0.8, and 1 THz, respectively. The sol
circles are the experimental results from Ref. 5.
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more absorption of THz radiations. The absorption rate
creases slowly from low electric field to 3 kV/cm, then go
fast before reaching its saturation value. To see the role
individual multiphoton processes we have shown in Fig
the first ten order photon contributionan (n51,2,3,...,10)
and the total absorption percentagea ~light axis! versus the
wavelengthl ~or the frequencyf ac) at a fixed amplitude
Eac55 kV/cm. For each order of multiphoton channels the
is a critical wavelengthlp at which the multiphoton proces
makes maximal contribution to the total absorption. W
increasing the order the position oflp shifts to longer wave-
length. The physical origin of the critical wavelength at
given photon number is that, for a givenn, the strength of the
scattering matrix of then-photon assisted process~showing
up mainly in the Bessel functionJn

2) decreases almost like
v24n for largev, while the energy absorpted from the radi
tion field during eachn-photon process is proportional t
nv. There must be a critical wavelengthlp at which the
energy absorption reaches a maximum, and the positio
lp shifts towards the direction of longer wavelength wi
increasingn. This is the reason for the critical wavelength
a given photon numbern, as shown in Fig. 4. However, it is
accidental for the present system and the applied THz fi
that all the maxima in Fig. 4 have approximately the sa
height. In Fig. 5 we have shown then-photon contribution
an (n51,2,3,...,10) and the total absorption percentagea
~light axis! versus the amplitudeEac at given frequencyf ac
51 THz. It is seen that although the single-photon proc
dominates forEac,0.4 kV/cm, its contribution decrease
quickly with increasingEac, and multiphoton (n>2) pro-
cesses play more important role on the absorption. The i
of Fig. 5 shows the maximal orders of the multiple-phot
channels,nei , neph, andnII , respectively related to electron
impurity scattering, electron-phonon scattering, and II p
cess, as functions of the amplitudeEac. They are self-
consistently yielded by the computing program in doing t
summation overn in Eqs. ~5!–~7! within the integral accu-
racy of 1024. It is indicated that the order of II-relate
multiple-photon channels,nII , is usually larger than those

e

FIG. 4. Then-photon contributionan (n51,2,3,...,10) and the
total absorption percentagea ~light axis! versus the wavelengthl of
THz radiation at a fixed amplitudeEac55 kV/cm.
9-4
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related to electron-impurity scattering (nei) and electron-
phonon scattering (neph), and more multiple-photon channe
are needed to be taken into account for larger radia
strength and lower radiation frequency. WhenEac
59.5 kV/cm even then-photon channels withn as large as
237 are not negligible in order to get the accuracy of 1024

~see the inset of Fig. 5!. For givenv, the maximal orders of
the multiphoton channels needed to reach the given num
cal accuracy of 1024 is judged by magnitude of their contr
butions toA, W, S, andg. For each mechanism this is dete
mined, in addition to the strength coefficient of th
individual scattering process, by~i! the q dependence of the
bare scattering matrix elements and~ii ! the energy exchang
during the scattering process. The matrix elements

FIG. 5. Then-photon contributionan (n51,2,3,...,10) and the
total absorption percentagea ~light axis! versus the amplitudeEv

of the radiation field at a fixed frequencyf ac51 THz. The inset
shows the orders of the multiple-photon channels,nei , neph, and
nII , respectively related to electron-impurity scattering, electr
phonon scattering, and II process, as functions of the amplitudeEv

of the radiation field. They are self-consistently yielded by the co
puting program.
er
ys

el

C
e

rd
ell

l.

08530
n

ri-

r

electron-LO phonon scattering and for impact ionization p
cess have a similarq dependence and the energy exchan
difference betweenEg1nv andVLO1nv is not so great for
n as large as 200. This is the physical reason why the dif
ence of the maximal orders needed for impact ionization
for LO-phonon scattering is not very big.

IV. CONCLUSIONS

In conclusion, by considering multiple photon process a
conduction-valence interband impact ionization, we ha
studied the impact ionization effect and the free-carrier
sorption rates of intense terahertz~THz! radiation in InAs/
AlSb heterojunctions ~HJ’s!. We have considered th
electron-acoustic-phonon scattering~via the deformation po-
tential and the piezoelectric couplings!, electron-polar-
optical-phonon scattering~via the Fröhlich coupling!, and
elastic scattering both from the remote charged impuri
and from the background impurities. As many as need
multiphoton channels are taken into account for yielding
required accuracy. It is indicated that, the role of THz rad
tion field on the absorption and II process increases w
increasing the THz radiation strength or decreasing the T
radiation frequency. Multiple-photon processes are inve
gated in details. Absorption percentages for InAs/AlSb H
at f ac50.64 THz are reasonably reproduced by the pres
calculations, and qualitatively compared to available exp
ments.
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