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Terahertz frequency radiation from Bloch oscillations in GaAd Al ;Ga, ;AS superlattices
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We have performed a joint theoretical and experimental study to investigate the terahertz radiation from
Bloch oscillations in a GaAs/ AkGa, -As superlattice under the condition that there is no Zener tunneling. The
total radiation intensity has been calculated with a semiclassical approach in the low field regime where the
Wannier-Stark laddefWSL) cannot be resolved, and with an exact numerical solution in the high field regime
where the WSL is well formed. With an adjustment of the intensity units, without fitting material parameters,
the calculated results agree almost perfectly with the measured data given in arbitrary units. Consequently, our
work gives convincing evidence that the measured THz radiation is due to the Bloch oscillations.
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The Bloch oscillation(BO) of charge carriers in a periodic works'®~'” are inadequate for a complete interpretation of

potential under an applied uniform electric figfdwas pre- these experiments, and thus.ca.mnot givg a theoretical support
dicted almost 70 years adg.In a bulk crystal of lattice that these observed THz radiations are indeed BO radiations.

C . - In this Brief Report we will calculate the total intensity
constar_ﬁa, under realistic e.xpe_rlmentz_allcond|t|ons that theI(F) of the THz frequency radiation from the BO in a
probability of Zener tunneling is negligibly small, the BO GaAs/Al -Ga -As SL und lied electric fiefl and
amplitudeA/eF is order of magnitude longer tham where SIAL Gy AS under an applied €lectric fiexd, an

. . ) compare our result with the measureddependence of the
A is the band width. Consequently, in a bulk crystal, before ar zpintensity. In the high field regime gur calculation is

single BO is completed, the scattering has already destroyegact numerically, since we have checked carefully that in
the coherence of the Bloch states. However, for a thin samplg,ig regime there is negligibly small probability of Zener
of semiconductor superlattigSL), the SL periodicityd can  tunneling. In the low field region our semiclassical approach
be very long, the applieB can be very strong, and the mini- contains an energy relaxation timg and a momentum re-
band width can be very small. Hence, in 1970 Esaki and Tsulaxation timer,,, which have been investigated in an inde-
proposed to detect BO in such a system. pendent experiment on the nonequilibrium electron transport
The two key issues of BO are the structure of the energyn this same sampl¥. The perfect agreement between our
levels and the electromagnetic radiation due to the transitiongdlculated! (F) and the experimental data proves that the

of carriers among these levels. Such a radiation is commonijiéasured radiation is indeed due to the BO. .
referred to as BO radiation, which is different from the ra- 1 ne Sample which has been investigated experimentally is

L . : o n undoped GaAs/fHkGa -As SL with 73 periods ofd,,
diation originated from interband transitions. In the presenc@z 6.4nm thick GaAs wells andd,=0.56 nm thick

of.F., in both the valencg band and t.he conduction band, eacR| s barrier lavers. The periodicity of the SL @&
miniband decomposes into a Wannier-Stark ladifégL) of =3'\,3v+68'b?i 6.96 nm. S){etting the zpero refer)(/ance energy at the
equal energy separationvg=eFd, where vg is the BO  GaAs conduction band edge, the barrier height is 250 meV.
frequency. The energy levels of WSL have been resolved inynder the periodic boundary conditions, the fitkiwes)
the spectra of optical absorption, photocurrent, and stimuminiband is between 18 meV and 110 meV, while the second
lated emission between the valence and the conduction baniniband is between 154 meV and 439 meV. Hence, only the
of GaAs/Al sGa, ;As SL>~" These interband optical detec- lower one third of the second miniband lies below the poten-
tions of the existence of the WSL energy level structure daial barrier. It is well known that under a very strong electric
not prove that the interlevel transition within a WSL has afield Zener tunneling through the band gap between two
positive gain. The difficulty of observing the BO radiation bands may occuf and so complicating the BO phenomena.
was pointed out about ten years dgand we will return to  The Zener tunneling probability can be checked with the
this point later. well established semiclassical approach Wentzel-Kramers-
The BO frequencyvg in typical GaAs/AhGa,-As SL  Brillouin (WKB) approximationt® In our theoretical calcula-
samples lies in the teraherfzHz) range. A successful detec- tion which will be presented later, by checking the degree of
tion of BO radiation is then important not only for proving interminiband mixing in the eigenfunctions and by using the
the theoretical prediction of a fundamental physical phenomWKB method to estimate the interminiband tunneling prob-
enon, but also for discovering a new tunable source of coability, we have concluded that for the electric field strength
herent THz electromagnetic wave. Using the time-resolvedinder consideration, there is no Zener tunneling between the
THz emission spectroscopy, THz emission from atwo minibands. Consequently, the second miniband can be
GaAs/Al Ga As SL was first observed in 1998.Re-  ignored.
cently, rapid progress in experiments has been achieved To model this sample of finite length, we let the growth
along this directiot'** The existing relevant theoretical direction of the sample be theaxis, andchd the positions of
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the centers of the wells with=1,2, .. .,73. In the absence be considered in the present paper, the energy half width of
of an external electric field, in the Hamiltonia# the total the pumping laser pulses is approximately 20 meV. Within
potential profile consists of two pariés (x) and Vc(x). this energy interval, the levels in the WSL are populated with
Vs (x) defines the SL potential witis, (x) =0 in the wells, equal probability. Therefore, in the regime of strong electric
andVg (x) =V, in the barriersV(x) is a single square well field, the total radiation intensity(F), expressed ak,(F)
potential of barrier heightv. and well width 78 with  with subscripth for high field, is calculated agF)=1(F)
V(x)=0 in the well. This wide well confines our sample to =Aly o(F) with
a finite length, and we can imagine that our
GaAs/ Al Ga, ;As sample of 73 periods is embedded in this 2
vy|de square welVs(x). The value ofV, which will be Ino(F)= z (|m—n|edF)f dxe* (F,x)Xm(F,X)|
fixed later, must be much larger than the valuevgf (m;n) SL

We will start with a simple Hamiltoniai 5, which con- 4
tains only the potentiaVg (x). Within the effective mass
approximation, using the periodic boundary conditions andyhereA is a field independent quantity, the value of which
taking into account the proper matching conditions at thejepends on the units used. In the above equation, the sum-
interfaces, the eigensolutions b, for the conduction band  mation runs over all pairs of WSL eigenfunctions in the elec-
electrons are readily derived. Lt (x)} be the correspond- tron miniband, excluding the two surface states. Neverthe-
ing set of Bloch functions in the lowest miniband, which arejess, almost all radiation intensity originates from the
normalized within one period-Ox=<d. We will use the basis electron transitions between two adjacent energy levels in the
of Wannier functionda(x—nd)} to solve our problem when \WsL, because the overlap between localized eigenfunctions
the applied electric is strond.The Wannier basis functions &n(F,x) and¢(F,x) decreases rapidly am—n| increases.

are simply Hence, the radiation spectrum is sharply peaked at the BO
q y frequencyvg=eFdh.
_ _ 9" ~inkd While the above analysis is for spontaneous emission
a(x—nd) 2m 7w/ddke Di(x), @) from the WSL, for which the coefficiemd is positive, we

must consider scattering effect to study stimulated emission.
Let e,(p) be the two-dimensional2D) subband associated
with the nth WSL level, andn,ﬁ) an eigenstate in this sub-

When an external electric fielf is applied along thex - . .
axis, the field-dependent Hamiltonian isH(F,x) b?n?, wherep IISt'a 2D wav?] \\I/\e}gﬂ S|r|19e ttrr:e photoexptgedt
=H(x)—eFx. The corresponding eigenfunctions can be ex-crectron popuiation on eac evel s the same, withou
pressed as scattering effect there will be no net stimulated emission

from the sample, as was pointed btitat the emission due to

the vertical transition from statin+1,0) to state|n,p) is
dm(F.X)= ; Cmn(F)a(x—nd), (20 perfectly canceled by the absorption due to the vertical tran-

. . sition from state|n,p) to state|n+1,) that occurs at the
wherem again can be any integer, althougt{x) has only  same frequency and intensity. Scattering will introduce emis-

73 eigenstates. To obtain these 73 eigensolutions, we diaggign process from state + 1”;> to state|n,;7) with emitted
nalize the 7X 73 Hamiltonian matrix with field-dependent - — .
photon energye, . 1(p)—en(p’), as well as absorption pro-

matrix elements z —
cess from stat¢n,p) to state|n+1,0') with absorbed pho-

ton energye,, 1(p’)—€n(p). Since the dominating scattering
Hmn(F)=Ldea*(x—md)H(F,x)a(x—nd), (3 induced processes haye=0, the emission spectrum will
peak at a frequency smaller thag, while the absorption
where I=m,n<73. The above integration runs over the SL spectrum will peak at a frequency larger than. Hence, the
sample of 73 periods. emitted THz radiation will not be completely reabsorbed
The so-derived eigenenergies, except the two for the sumithin the sample, and a finite intensity will be stimulatively
face states, should form a WSL with equal energy separatioamitted from a WSL. We notice that for both the emission
eFd. It is indeed so when the confinement potentialbe-  and the absorption process the field-dependent part of the
comes sufficiently large. Furthermor¥ should be large intensity is the samé, o(F) given by Eq.(4), although dif-
enough to stop electric field induced ionization. In our cal-ferent processes have different coefficient value8.dk de-
culation, we setV-=5 eV. This value allows us to have tailed analysis of this problem including electron-phonon in-
convergent eigensolutions for all electric field strength usederaction, which will be presented elsewhere, proves that
in the experiment, without field induced ionization. It was including both emission and reabsorption process, the result-
pointed out that finite sample size is crucial to a net THzant stimulated emission has a positive coeffici@nConse-
radiation intensity emitted from the WS> However, the quently, by using the proper expressionfofo include both
two surface states do not contribute to the measured intensitiie spontaneous and the stimulated emission, the total inten-
in the THz range because their eigenenergies are largeBity in the high field regime can be written &&)=I,(F)
separated from the levels of the WSL. For the experiment te=Aly, o(F) with A positive.

wheren can be any integer. We choobe ((x) = by (x), so
the Wannier functions are real.
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For the case of low electric field such that the WSL sepa- - 23 T T T T T
ration eFd is less than the level broadening due to scatter- *E
ings, the electromagnetic wave is emitted when electrons are =
accelerated in their band motion. The intensity spectrum 2
I,(w), with subscriptl for low field, was analyzed to be N
related to the frequency dependent conductivitfw) as %‘
I (w)xF?o(w)|?. With the semiclassical Boltzmann's £
equation approach, assuming a tight-binding miniband for E 15
. 1 1 1 1 1

the SL,o(w)=0q0,(w) was derived’ in the form
0 5 10 15 20 25

1 1— w3TmTe— 0T, Electric Field (kV/cm)

g\w)— . ’
(@) 1+ a)éTmTe (wé— wz) TmTet l—iw(7m+ 7o) FIG. 1. The radiation intensity as a function of the applied elec-

(5) tric field: dotted curve is experimental data, solid curve in low field

) . regime is calculated(F) using Eq.(6), and dashed curve in high
whereoy is a constant. In the above equatiop,and 7. are  fig|q regime is calculated ) using Eq.(4).

the momentum and energy relaxation times of electrons, re-
spectively, andwg=2mvg. Hence, in the regime of low more, absorption due to light holes is 1/3 of that due to heavy
electric field, the total radiation intensitfF), expressed as holes. Consequently, electron motion dominates the emitted
[,(F) with subscriptl for low field, is calculated a$(F) THz signal.
=I,(F)=BI, o(F) with Experiments were performed by using 100 fs laser pulses
delivered from a mode-locked AD;:Ti laser. The laser
5 ) pulses were loosely focused onto the sample surface. The
II,O(F):f doF?[o(w)]%, (6) pump photon energy was set to be 1.55 eV, which is close to
the bottom of the miniband. With a low pump power of 10
whereB is a field independent quantity, and is positive in mW, the carrier densities excited in the active region was
semiclsssical theory. kept as low as X 10" cm 2 in order to avoid field screen-

Tm and 7, will be estimated from independent experi- ing. The generated THz emission was detected by a wide-
ments. The nonequilibrium electron transport in the saméand Si bolometer operated at 4.2 K, whose bandwidth is up
sample which is studied here was investigated in Ref. 12to0 18 THz. The samples were cooledTat 10 K in a con-
From the measured transient behavior under various fieltdnuous flow He cryostat.
strength, we deduct that, as a function of the electric field In Fig. 1 the dotted curve shows the integrated intensity of
can be approximated ags=(1.5-0.02%) ps, whereF isin  the emitted THz radiation as a function®f In the low field
units kV/cm. In another experiméfiton this SL sample, for regime the THz intensity rises quadratically. The intensity
a given fieldF lower than 6.5 kV/cm, the measured intensity increases untiF reaches about 16 kV/cm, and then starts to
spectruml(w) was fitted with Eq.(6) and Eq.(5), treating  roll off. We must point out that the experimental data were
Tm and 7, as fitting parameters. The so-obtaineds 1.6 ps, presented irarbitrary units which leaves the vertical scale
and ,=0.17,. However, we must be aware of the fact thatin Fig. 1 undefined. Because of the arbitrary units used in the
in deriving Eq.(5) the miniband was approximated with a measured intensity, to compare our calculdtgg) with the
tight-binding band. Therefore, these fitting values  measured intensity, we must use the commonly accepted
=1.6 ps andr,,=0.17, provide only a qualitative informa- scheme to rescale the units of our calculated results by ad-
tion. In our calculation we use, around (1.5-0.02%) ps  justing the value ofA for I (F)=I,(F), and the value oB
and the ratior,,/ 7. around 0.2, which are reasonable andfor I(F)=I,(F). The measured intensity also contains a
correct in order of magnitude. background intensity which depends on the fi€ldvery

The experimental setup, the measurement method, and theeakly. As indicated in Fig. lin arbitrary unit3, the back-
data analysis were given in details in Refs. 12—14. Here wground intensity at zero field is 1.51. Hence, we add this
will only outline them briefly. The top contact of the 73 constant background intensity to our calculat¢&). Be-
period undoped SL sample was formed by depositing a semsides such standard method to deal with the undefined units
transparent 4-nm-thick NiCr Schottky film, and the bottomof experimental data, our numerical calculations do not con-
ohmic contact was formed by annealing the Au-Ge-Ni alloy.tain any adjustable parameter for material properties. The
By applying a bias voltage between the top and the bottonso-obtained results are shown as the solid curve for the low
electrodes, we can tune an internal electric fiEldn the field region using Eq(6), and as the dashed curve for the
undoped SL region. high field region using Eq4). In the low field region, the

When a femtosecond laser pulse excites the sampléncrease of (F) with F is expected. Since the expression Eq.
electron-hole pairs are optically injected into the miniband.(6) applies only to semiclassical bands, it naturally begins to
Due to an applied electric fielH, the carriers start drifting break down when the WSL starts to form. By comparing the
and THz radiation that is proportional to the carrier accelerasolid curve and the measured data in Fig. 1, the complete
tion is emitted into free space. Since the miniband width forbreakdown of the semiclassical theory occurs aro@nd
heavy holes is only a few meV, which is much narrower than=12-13 kV/cm. It is important to point out that for the field
that for electrons, heavy holes are almost localized. Furtheistrength plotted in Fig. 1, there is no Zener tunneling as we
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have checked carefully in our calculation. Consequently, in The excellent agreement shown in Fig. 1 between the ex-
the high field region, with decreasirg the eigenfunctions periment(expressed in arbitrary unjtand the theoretical

of the well defined WSL become more extended and so theesults which contains no adjustable material parameter,
adjacent eigenfunctions overlap more. As a result, in thigives convincing evidence that the measured THz radiation
field regionl(F) increases with decreasirfg In our exact is due to the BO. Such interlevel transitions within a WSL
numerical calculation the broadening of the WSL was notare entirely different from the conventional interband transi-
taken into account. Therefore, when the level broadening bdions which prove only the existence of WSL level structure.
comes sufficient as the electric field is reduced, @jalso  The remaining challenging problem is to derive the correct
breaks down. Again, by comparing the dashed curve and thiatensity | (F) for the crossing region from the low field to
experiment in Fig. 1, our numerical result is no longer validthe high field.

aroundF=17-18 kV/cm. To study the crossover region be-

tweenF =12 kV/cm and 18 kV/cm, one needs a better quan- This work was supported by the SIDA-Swedish Research
tum mechanical treatment on scattering induced level broad-inks (Grant No. 348-2002-6935by INTAS (YSF Grant

ening. No. 2002-95, and by RFBR.
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