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Abstract—Photoelectron relaxation in the second miniband of a lattice-based infrared photodetectors point out the advantages of
superlattice was studied with a high-pass energy filter at one end ysing superlattices, which include broader absorption spectrum,
of the superlattice. By analyzing the spectral responses with dif- lower operating voltage, more suitable for low background and
ferent biases across the energy filter, the photoelectron distribu- . ’ " .
tion and relaxation in the second miniband of the superlattice can low operating tempera’;ure conditions [6] than the (_:onventlonal
be resolved. In this paper, a model based on the rate equation is QWIP HOWeVer, eXperImental and theoretical studies about the
proposed to extract the related parameters of the photoelectron transport and relaxation of the photoelectrons within the mini-
transport. The photoelectrons suffer from both intraminiband and  pand of the superlattice do not attract much attention.
interminiband relaxation. The extracted interminiband relaxation In order to study the photoelectron transport and relaxation

time is 11 ps, while the intraminiband one is in the subpicosecond ithin th latti iniband tructure that i d of
range. In addition, this structure can also be utilized as an infrared within the superiatice miniband, a structure that 1Is composed o

photodetector. Our analysis shows that the fast intraminiband re- @ 14-period GaAs—Al»7Gay 73As superlattice and a high-pass
laxation is the dominant mechanism of the maximum achievable energy filter (similar to the of OSHES method) is studied

responsivity of the detector and the theoretical model not only pro- in this paper. In addition, this structure is also applicable as
V|(_1|e_s the insight of_the photoelectro_n transport in the _superlattlce an infrared photodetector for 10 um [7]. Because of the
miniband but also is useful for designing a superlattice infrared ) . .
photodetector. energy filter, the photoresponse is tunabl_e by external bias
to enable multiwavelength operation and is therefore useful
in versatile applications, including target discrimination and
temperature sensing. Meanwhile, according to the measured
voltage-dependent photoresponses, a model based on the rate
I. INTRODUCTION equations that involves with the absorption, transport and

HE BENEFITS of using intersubband infrared photoder_elaxation of the electrons in the superlattice is proposed.
tectors for large imaging system have driven studies cmThis paper is organized as follows. Section | is a brief in-

electron transport in the popular adopted quantum-well (vi duction. The structure and measured photoresponses are pre-

structures for optimization of performances. One of the methoy nted in Sections Il and Ill, respectively. In Section IV, a model
%suggested to analyze the photoelectron transport from the ob-

to analyze the electron transport is using optically stimulate S
y P g op y erved voltage-dependent photoresponses. In the analysis, it is

hot-electron spectroscopy (OSHES) [1]. In this method, an € d that the photoelect i th d miniband suff i
ergy filter is designed to separate photoelectrons with differefgtind that the pnotoelectrons in the second miniband sutter no
1ly interminiband but also intraminiband relaxation. The pho-

energies. Therefore, the energy distribution of the photoeleoc,n | . o . -
trons can be resolved. toelectrons relax back into the first miniband through intermini-

In addition to QWSs, superlattices are another promising strfaand rela>.<ati0n, while the intraminiband one causes them to ac-
ture for infrared detection and has drawn much attention. S(E}gmulate_ in the bottom states of the second m|n|banql. 'I_'he_ latter
perlattice with a graded barrier was fabricated for photovoltaﬁ)(focess is much taster than th(_a f_ormer a_nd posesa I|m|_tat|on on
detection in the wavelength ranges of 3.6-6.3 and 8—AM5 the short-wavelength responsivity. Section V summarizes this
in 1988 [2] and 1990 [3], respectively. In 1991 [4], superlatgaper'
tice alone was applied in the detection for 54B-wavelength
range. Superlattice with a blocking layer for low bias operation
was demonstrated in 1992 [5]. The earlier works of the super-The schematic band diagram of the structure for analyzing the

photoelectron transport in the superlattice miniband is shown

in Fig. 1. The structure, grown by molecular beam epitaxy on
_ Manuscript receive_d July 1_0, 2002; revi_sed Oct_ober 21,2002. This pfoj%tsemi-insulating GaAs substrate, contains a 500-nm heavily
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Fig.1. Schematic band diagram of the superlattice infrared photodetector. The
superlattice is composed of 6.5-nm GaAs well and 3.5-nmAGa 73AS
barrier. The 150 nm Al23Ga& -7 As current blocking layer and the superlattice
barriers are both undoped and the GaAs well region of the superlattice is dopégl 3. Calculated and measured responsivity versus bias at 6.7 apdn9.7
with 5x 10'” cm=* of Si. From the conduction band edge of the GaAs, twdhe solid (open) squares and triangles represent the measured (calculated)
minibands are formed in the superlattice region that ranges from 47 to 60 medéponsivity at 6.7 and 9.jm, respectively. The open circles represent the
and 174 to 242 meV, respectively. responsivity at 6.7um calculated by counting only the photoelectrons with
energy higher than the energy filter.
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The spectral photoresponses were measured by a lock-in am-
plifier at various temperatures and biases. A glowbar radiator
was used as the light source and the light wavelength was se-
lected with a monochromator. The peak responsivity was cali-
brated by a blackbody radiation source heated at*§D0The
observed spectral photoresponses show little temperature de-
Fig. 2. Spectral responsivity from 0 t60.6 V at various biases at 25 K. The pgnden(?e and the represeptatlve one at 25 K is shown 'n_Flg' _2'
solid curves are the measured data and the dashed curves are the simulated bri& Obvious that at zero bias, the detected wavelength is pri-
The_resp_onsivity at 9._ﬁm is suppressed at zero _bi_as, while it increases WitPnarin at 6.7um. While negative bias increases in magnitude,
applied bias and dominates the spectral responsiviy0a6 V. another peak at 9.Zm rises and dominates the spectral re-

sponsivity at high bias region. Therefore, the spectral photore-
tains 14 resonant-tunneling states. The conduction band offsponse is tunable by the external bias between 6.7 angr, 7
of Al ,Ga, _,As relative to GaAs is taken as 810x meV [8]. Relwhich allows the structure to be applicable in versatile applica-
ative to the conduction band edge of GaAs, the first minibaridns including temperature sensing and target discrimination.
ranges from 47 to 60 meV and the second miniband ranges frdinis experimental result agrees with the aforementioned design
174 to 242 meV. principle.

The barrier height (186 meV) of the energy filter is designed The measured voltage dependent responsivity at 6.7 and
to be higher than the bottom state of the second miniband in th& ym are shown as the solid squares and triangles in Fig. 3,
superlattice. At around zero bias, photoelectrons with energgspectively. The nonzero 6um photoresponse at zero bias
higher than the energy filter can pass through it, while those withdicates the photocurrent is caused by the emission of the pho-
energy lower are blocked. At high biases, due to the assistatoelectrons with energy higher than the energy filter. It is also
of the strong electric field on the blocking barrier, part of thaeoted that the 6.7:m photoresponse does not saturate with the
blocked photoelectrons can tunnel through the current blockib@as magnitude, but increases with it instead. This is attributed
barrier and contribute to the photocurrent. As aresult, the enetgythe tunneling of the relaxed photoelectrons accumulating in
filter can be used to distinguish the energy of the photoelectrtre bottom state of the second miniband through the energy
and resolve the photoelectron distribution versus energy. filter by the electric field.

The sample was fabricated into a 20@00 ym? mesa by  These voltage dependences of the photoresponse show clues
standard photolithography, chemical wet etching, evaporatitor the photoelectron transport in the second miniband of the
and lift-off processes. The top and bottom contacts were maglgerlattice. In the next section, a model for the photoelectron
by evaporating 100-nm Ni-Ge—Au and 200-nm Au. After evapransport is suggested to explain the measured voltage-depen-
oration and lift-off, thermal annealing at 39CQ was performed dent photoresponse.
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in the distribution for the number of photoelectrons moving
toward the energy filter versus the second miniband energy,
N,(E, Py,())), as is schematically shown in the inset of Fig. 4,
where P;,,()) is the incident power of the photons with wave-
length \. The suffix indicates the) ', ; , — 2" transition

as explained in Section 1V-A.

In the meantime, it is also possible for the photoelectrons to
be scattered into the high-energy state of the first miniband and
to relax back into the bottom state of the first miniband. Such a
process is callethterminiband relaxationWhen injecting into
the energy filter after escaping the superlattice, the photoelec-

N (E)

: mmmegb

\_ One Watt hv

(D Intersubband absorption
(@ Sequential intraminiband relaxations and resultant carrier

distribution ; e ] o
@ Interminiband relaxation fronk; to the first miniband trons gain their kinetic energy through the electric field on the
@ Carrier flux escaping the superlattice region and scattered energy filter and also have the scattering probability which in-
in the blocking layer creases with their kinetic energy.

. _ _ , _ In an ideal case, the photoelectrons with enetgyay con-
E(la%oﬁd rﬁ::]ri]be;?lc drawing of the photoelectron relaxation processes in Wfbute to the carrier_fluxf(E), which S:an be calculat_ed f_rom the
electron wavefunction. Without taking the scattering in the en-
ergy filter into consideration, the transmission probability¥)
IV. MODEL FOR THERESPONSIVITY of the photoelectrons through the blocking layer is easily esti-
mated with WKB approximation. In reality, both the intramini-
As is schematically drawn in Fig. 4, photons with eneligy band and interminiband relaxations in the superlattice have to
excite electrons from the first miniband into an excited state wile considered, while the scattering effect in the energy filter
energyE,, in the second miniband. The number of excited phes actually an intraband relaxation and has similar nature with
toelectrons that move toward or backward the energy filter aftge intraminiband relaxation of photoelectrons in the superlat-
equal in probability. During transport, two primary scatteringice miniband. Therefore, in our model, this effect is included
processes for the photoelectrons are expected to be phononjganHe intraminiband relaxation in the superlattice. In summary,
impurity scattering. According to the conservation of energys indicated in Fig. 4, the whole mechanism of the voltage-de-
and crystal momentum, the electron scattering with a phongandent spectral responsivity consists of the light absorption in
emitted in a bulk semiconductor is allowed only in the forwarghe superlattice region, the photoelectron relaxation during the
direction [9]. Since the structure under investigation is operat@@dnsport in the second miniband, and the transmission through
at low temperatures<( 55 K), phonon emission is the domi-the energy filter. The scattering in the energy filter is included
nant process. Therefore, the phononrelated scattering of phatpthe intraminiband relaxation for simplicity.
electrons in the superlattice structure is expected to be in theThe aforesaid mechanisms will be discussed one by one
forward direction (scattering angle 90°). The electron scat- in Section IV-A-IV-C, and then a complete equation for the

tering by impurities in a bulk semiconductor is inversely proyoltage-tunable responsivity will be presented in Section IV-D.
portional to the forth power of the sine of the scattering angle in

the case of negligible screening [10]. Therefore, the scattering
of photoelectrons in the superlattice miniband by impurities é
also expected to be in the forward direction. The forward—scat-mstead of Considering the miniband in the ]_4_peri0d super-
tering property of the photoelectrons simplifies our analysis byttice as a continuous one, we calculate the measured quan-
decoupling the rate equations related with the respective nuily by counting the contributions from the 14 discrete reso-
bers of photoelectrons moving toward, and backward from, th@nt-tunneling states in the miniband. However, it is observed
energy filter. from Figs. 2 and 5 that neither the measured absorption spec-
Those photoelectrons moving backward from the energyim nor the spectral responsivity shows the fine structure orig-
filter can be supplied by the electrons from the top contagfated from the 14 discrete transitions. It is attributed that each
instead of the bottom one because of the obstruction by tigcrete transition is broadened with an energy comparable to
energy filter to the electrons from the bottom contact. Henceghe one separating the neighboring states. In the following anal-
the photoelectrons moving backward from the energy filtgssis, Lorentzian broadening is assumed in the modeling of the
cause merely internal electron circulation and do not contribu@sorption spectrum. In addition, we also assume the spectral
to the measurable photocurrent. As a result, only the flux gésponsivity is broadened in the same fashion as the absorption
photoelectrons moving toward the energy filter is responsibé@ectrum for simplicity.
for the measured photocurrent. In the following analysis, only The transfer matrix method [11] was used to calculate the
the number of photoelectrons moving toward the energy filtehergies and corresponding wavefunctions of the resonant-tun-
is considered. neling states that form the two minibands in the superlattice
During the transport in the second miniband, the photoelegion. According to the calculated oscillation strength, the
trons may sequentially relax their energy and finally accumelectrons in the resonant-tunneling stdtﬁil_p in the first
late in the bottom state of the second miniband. This relaxatiaminiband of the superlattice can only be excited to the corre-
mechanism is called the intraminiband relaxation and resuffsonding resonant-tunneling stdgé"‘* in the second miniband

Absorption Coefficient
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Fig. 6. (a) Carrier flux and normalized photoelectron number induced by

x In (B, E2nd)] 6.7um light at 0 V. The carrier flux is maximum at around the middle of the
1+ exp (fKiTP) second miniband and is minimum in the bottom state of the second miniband.
Most of the photoelectrons accumulate in the bottom state of the second
od miniband due to the fast intraminiband relaxation. (b) Simulation parameters of
77 5 intraminiband and interminiband relaxation time constants along with carrier

he escaping time at several biases.
(B2 - Bl - B) +2
= Z ap(A) (1)
P

and the maximum value is 35 (5.8) times larger than the bottom
where the last multiplication factor in the summation is attop) of the second miniband. The flux peak at 7u® does
tributed to Lorentzian broadening amt),()) is the function not appear in the experimental data of the responsivity. It is at-
defined in the summation and represents the absorption fréibuted to the relaxation of photoelectrons, which will be dis-
the ¥, _, — ¢y transition. From the curve fitting of cussed in Section IV-E. _
the absorption spectrum, the superlattice parameters can b&he carrier flux is partially reflected by the energy filter and
extracted. The substantial well and barrier widths are, in fapartially passes through it. The associated transmission proba-
6.1 and 4.4 nm, respectively, and the first and second minibapitity through the blocking layer can be calculated by using the
ranges are 53-62 meV and 188-254 meV. These parameWiB approximation and depends on the carrier energy and the
will be utilized in the subsequent analysis of the voltage-delectric field applied on the blocking layer. It can be written as
pendent spectral responsivity. Fig. 5 shows the measuigd3), shown at the bottom of the next page, whékeis the

absorption spectrum, along with the fitting results. photoelectron energy; is the electric field applied on the en-
ergy filter, andL, and E, are the length and barrier height of
B. Carrier Flux and Transmission Probability the energy filter, respectively.

One photoelectron represented by wavefunctiocan gen-
erate carrier fluxJ given by [14] C. Photoelectron Number Generated by Incident Light

B The number distribution for the photoelectrons toward
J = i (Y*Vip —pVy®). (2) the energy filter is actually time-dependent and denoted by
N,(E;, Pn()),t). The associated steady-state value is de-
Fig. 6(a) shows the carrier flux of the resonant-tunneling statested by N, (E;, P.,())), as defined before. It is due to the
in the second miniband multiplied by the area of the mesa. Thhotoelectrons generated by t{zbé?il_p — 1/1%“‘1 transition
carrier flux shows a maximum near the middle of the secomdth incident powerP,,(A) and those relaxed from higher
miniband corresponding to the excitation wavelength ofufx6 energy states thahi;. For the incident power, the photoelectron
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number at energy, in the second miniband is increased byause the photoelectrons either leave the superlattice or change
the transition rate direction after they are reflected by the energy filter.
B The steady-state solution fd¥, in (5) can be written as
Pin(A) - (@A) L) !

W,(\) = (4)

2hc
A

Ny (Ei, Pin(A)) ,

where@, () is the absorption coefficient defined in (1). The - L+ 1 L J(E)-A
factor 2 explains that only half of the photoelectrons can travel ) T Te(B)

toward the blocking layer and contribute to the responsivity. THe the following, we will find an expression for the generation
excited photoelectrons suffer from both intraminiband and inteiate in (6). For thefs, state, which the carriers are excited into
miniband relaxations that are related to various scattering med-photons with energyiw through they s, | — 4224 tran-
anisms such as phonon scattering and impurity scattering. Tiéon, the generation rat6, (£,, Pin()\)) (E; = E)) is equal
relaxation of photoelectrons between states only in the secdfdhe transition ratéV, (1) in (4). For eacht; state with en-
miniband is attributed to the intraminiband relaxation, while reergy lower thank,, the generation rate', (E;, Pi,())) comes
laxation from the second to the first miniband is the interminfrom the intraminiband relaxation from the states with energy
band relaxation as schematically shown in Fig. 4. To find tHeetweenk; andE,,. In addition to the intraminiband relaxation
photoelectron number in the second miniband generated byfifne, the functionD;(E;) is introduced for the intraminiband
cident light, the rate equation of each resonant-tunneling staté@faxation as the probability of carriers relaxed from energy
the second miniband is analyzed. For simplicity, in the followingtate £/; into a lower energy staté; in the second miniband.
analysis, the momentum perpendicular to the growth directidferefore, the generation rate can be written it ;) as in

is neglected. Consider the photoelectron number as a resul{@f shown at the bottom of the page.Therefore, the steady-state
theyp X, — 12" transition. For the incident optical powerlight-induced carrier numbeN, (E;, Pin())) can be found by
Pi()\) with photon energyiw, the rate equation at enerdy;,  solving (6) and (7).

in the second miniband is given by

Gp (Ei, Pn(N). (6)

D. Voltage-Dependent Spectral Responsivity

ON, (Ei, Pu(N),t) G, (Fr, Pu(\), ) — Ny (Ei; Pin(N),t) The spectral responsivity is defined as the photocurrent di-
= Up iy 4'in P

ot 7. (E;) vided by the incident power. Because of the intraminiband re-
N, (E;, Pin(M),t) laxation, the photocurrent may be due to the photoelectrons with
- 7o (E;) = Ny (Ej, Pu(A), 1) - T (Ei) - A (5) energyE; < E,. Therefore, the responsivity can be written as

where G, (E;, P.n()), t) is the photoelectron generation ratelt (A Va)
7..(E;) andt,(E;) are the intraminiband and interminiband re- P (Ez ‘L/_a)

laxation time, respectively, and is the mesa area of the de- = Z eN, (B, Pu(N) - J (Ei) - A-T>——"2. (8)
tector. It should be noted that the scattering in the energy filter, i=1

which is expected to increase with the applied bias, is includedgecqyse almost all of the external bias is dropped on the en-
in the parameter,, since the intraband relaxation in the engqy filter, the electric field” on the energy filter may be written
ergy filter has similar nature with the intraminiband relaxatlorhsva/Lb’ whereL, is the length of the energy filter. In order to
Therefore, the intraminiband relaxation is actually bias-de- compare the relaxation rate with the escaping carrier flux, the

pendent and expected to decrease with bias. The last term i”\fé}age-dependent escaping time constant is defined as
represents the total loss due to the carrier fi¥;). It should

be noted that no matter whethigy > I, or E; < £, the carrier B v\

flux of the photoelectron always represents a lossNgr be- 7 (Bi) = {‘] (Bi)-A-T <E’ L_bﬂ ©)
T(El/F): s for By, < E;
T (E;, F) = exp [3;§,/2h”;* (Ey - Ei)g’/?} : for By, — eFL, < E; < E, 3)

T (Ei, F) = exp [3—8; 2m [(Eb —E)? (B, - E; - eFLb)3/2H , for E; < By — eFL

in (A)-(ap (A _
Gy (By. Pu(N)) = W, (P(V)) = 20L& =
P N, (E;,Pin (A . (7)
Gy (B PuV) = 3 D (E) Bl < B,
Jj=1i
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which represents the time for the photoelectrons to escape fitter under zero bias. The fitting barrier height corresponding
entire superlattice and tunnel through the blocking layer. to the aluminum fraction: = 0.256 is actually higher than the

It is noted R, (), V,,) in (8) is obtained by considering only designed value of 186 me\t (= 0.23). The conduction band
thew}\%rkp — q/;ﬁnd transition. The overall voltage-dependenbffset for Al,Ga,_,As is taken as 8@ meV’. In the growth

spectral responsivity can be expressed as of the sample, the Al sources for our superlattice barrier and
energy filter were different. The superlattice barriers are grown
S tely but the energy filter seems not. Itis our belief that the

ROV =S R’y (A Va) (10) accurately y ;

fitting parameter is more accurate than the designed one since
the applied bias must be as high-a8.6 V to extract the accu-
where N is the number of resonant-tunneling states in eachulated carriers in the bottom state of the second miniband, as
miniband. Here, we are going to make several further assungrown in Fig. 3.
tions in the calculation of (10). First, since for a high-energy The extracted intraminiband relaxation time is much shorter
state in the second miniband, there are more states with lowigsin the interminiband one and varies from several tenths of pi-
energy into which the photoelectrons can be relaxed, the bseconds to several femtoseconds for the bias between 0 and
traminiband relaxation rate from the stalg is therefore as- —0.6V, as shown in Fig. 6(b). The intraminiband relaxation rate
sumed to be proportional to the number of the states with eneiggreases with the second miniband energy since, for a high-en-
lower thank;. That is, the intraminiband relaxation time conergy state in the second miniband, there are more states with
stant is assumed to be(E;) = 8- (i — 1)~* andg is voltage energy lower than it, into which the photoelectrons can be re-
dependent to include the scattering effect in the blocking layéixed into. Besides, the aggravation of intraminiband relaxation
Second, the probabilit®) ; ( £;) is supposed to be uniformly dis- rate with applied voltage is attributed to the scattering in the
tributed for the state with energy; that is lower thar¥;, i.e., energy filter. The fast intraminiband relaxation compared with
D;(E;) = 1/(j — 1). Third, 7,(E;) is assumed to be indepen-the interminiband one is consistent with the fact that the spec-
dent of E; for simplicity. In this model, the carrier flux and tun-tral responsivity does not show a maximum at the wavelength
neling probability are calculated values and the interminibarfdé m, corresponding to the maximum of carrier flux which
and intraminiband relaxation times are fitting parameters. In aig-35 times lager than that in the bottom of the second mini-
dition, the barrier height of the energy filter is also treated asoand. It is because only a small fraction of the photoelectrons
fitting parameter, since it is grown inaccurately. The calculateshn stay in the high-energy states of the second miniband while
results of (10) for the voltage-dependent spectral responsivitiost of them are accumulated in the bottom state of the second
are shown by the dashed curves in Fig. 2. The extracted bainiband by sequential intraminiband relaxation. The detailed
rier heightis 208 meV from the conduction band-edge of GaAshysical mechanisms about the relaxation time would be com-
Shown in Fig. 6(b) are the voltage-dependent intraminiband fslicated and will be studied in the future.
laxation time along with the interminiband one and the escapingFig. 3 shows the measured and calculated responsivity versus
time under several bias voltages. Fig. 6(a) shows a represpias voltage at 6.7 and 9;#. The data for the responsivity at
tative normalized carrier distribution versus resonant-tunneliggz ,m reveals some interesting results due to the relaxation of
state energy in the second miniband at zero bias induced by the photoelectrons. Here we discuss the responsivity gir.7
illumination of the short-wavelength (6,M) light. The agree- in more detail. The open squares and circles shown in Fig. 3
ment between the experimental and simulated spectral respgie the calculated data corresponding to the responsivity caused
sivity offers some insight into the photoelectron transport ang all the excited photoelectrons in the second miniband and by
relaxation mechanisms, which will be discussed next. the photoelectrons with energy higher than the energy filter, re-
spectively. Due to the small tunneling probability at low bias,
most of the photoelectrons accumulated in the bottom state of
As expected, the photoelectron number distributiépn in  the second miniband can not contribute significantly to the re-
Fig. 6(a) shows a peak at the stdig, into which the electrons sponsivity. As can be observed from the proximity of the open
are excited by photons. However, due to the intraminiband igguares and circles at low biases in Fig. 3, the responsivity is pri-
laxation, almost 97.7% of the total photoelectrons are relaxsthry dominated by the emission photocurrent, which is caused
and accumulated in the bottom state of the second minibaiw.the photoelectrons with energy higher than the energy filter.
The extracted interminiband relaxation time from the fitting idlthough the photoelectrons with energy higher than the energy
11 ps for our sample. This value is consistent with the intersuliter are much smaller in number than those accumulated in
band relaxation time in the quantum-well infrared photodetethie bottom state of the second miniband, due to the larger car-
tors which is in the range from several picoseconds to tensrigr flux than the smallest one of the bottom state as shown in
picoseconds [14]-[18]. Fig. 6(a), they can generate 8 mA/W of the responsivity at zero
The escaping time for the photoelectrons under several bhiss.
voltages is shown in Fig. 6(b). It is noted from (3) that under Even though more photoelectrons accumulated in the bottom
zero bias, the transmission probability approaches zero if thate of the second miniband can be collected under high bias,
photoelectron energy is lower than the energy filter, while thbey only generate 32 mA/W at0.6 V, which is four time larger
transmission probability equals 1 if the photoelectron energytlsan the responsivity at zero bias. It is because of the smallest
higher than the energy filter. This causes the steep incrementafrier flux of the bottom state in the second miniband. This in-
escaping time below the barrier height 208 meV of the energjcates that the responsivity can be enhanced by reducing the

p=1

E. Discussion
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intraminiband relaxation to allow more photoelectrons to stay[6] S. Gunapala, S. Bandara, J. Bock, M. Ressler, J. Liu, J. Mumolo,

in the state with larger carrier flux. Also noted in Fig. 3 is the  S- Rafol, D. Ting, and M. Werner, “Large format long-wavelength
GaAs/AlGaAs multi-quantum well infrared detector detector arrays for

responsivity caused by the emission photocurrent as represented ;5ionomy,” inProc. SPIE vol. 4288, 2001, pp. 278-285.
by the open circles reduces with increasing bias because of thig] C.C. Chen, H. C. Chen, M. C. Hsu, W. H. Hsieh, and C. H. Kuan, “Per-

increasing intraminiband relaxation as shown in Fig. 6(b). At forma_nce an(_i aeplication of a superlattice infrared photodetector with a
0.6 V, the responsivity at 6 ;/m is dominated by the tunnelin plocking barrier, J. Appl. Phys.vol. 91, pp. 943-948, February 2002.
—Y.OV, p Yy 1 y g [8] H. C. Liu and F. Capasso, “Quantum well infrared photodetector

photocurrent, which is the same as the responsivity at.en7 physics and novel devices,” imtersubband Trasitions in Quantum

Since the tunneling probability and the carrier flux are the same, \z"éegg—pghﬁgslzgd Device Applications London, U.K.: Academic,

the responsivity a_t 9/Zm is 3.4times the_ oneat 6/'_'771 because [9] B. K. Ridley, Quantum Processes in Semiconductor®xford, U.K.:
of the larger transition rate for the 9w light. In brief, the pho- Oxford Univ. Press, 1993, ch. 4.

tocurrent model provides a detailed explanation for the V0|tagél0] J. SinghPhysics of Semiconductors and Their Heterostructurédgew
York: McGraw-Hill, 1993, ch. 11.

depen_dent responSiVity' i”C|Udi”9 the nonzero responSiVity "ﬁl] S. L. Chang,Physics of Optoelectronic DevicesNew York: Wiley,
zero bias at short wavelength, the increment of short-wavelength 1995, ch. 4.

responsivity with the magnitude of bias, and the responsivity all2] M. Helm, W. Hilber, and T. Fromherz, “Infrared absorption in superlat-
tices: A probe of the miniband dispersion and the structure of the impu-

long Wavelengths, vyhich is ma.inly tunneling photocurrent. rity band,” Phys. Rev. Bvol. 48, pp. 1601-1606, July 1993.
From the discussion above, it was found that the much fastg13] S. Nojima, “Intraband optical absorption in semiconductor superlat-

intraminiband relaxation is the dominant factor in limiting the _ tices,"Phys. Rev. Bvol. 41, pp. 10214-10217, May 1990. _
K. L. Wang and P.-F. Yuh, “Theory and applications of band-aligned

: : = L 14]
maximum achievable responsivity of the SUperI?-tt'Ce '_nf_rareé superlattices,/EEE J. Quantum Electropvol. 25, pp. 12-19, Jan. 1989.
photodetector. However, the large ratio of the interminibandi5] J. A. Brum and G. Bastard, “Resonant carrier capture by semiconductor

time constant over the intraminiband one suggests that the sy-_ guantum wells,Phys. Rev. Bvol. 33, pp. 14201423, Jan. 1986.
latti tructur n be utilized in the desian of ntum 16] B.F. Levine, A. Zussman, S. D. Gunapala, M. T. Asom, J. M. Kuo, and
periatlice structure can be u e e design orquantum-cas- -y g, Hobson, “Photoexcited escape probability, optical gain and noise

cade lasers to achieve population inversion [20], [21]. Neverthe-  in quantum well infrared photodetectors]” Appl. Phys.vol. 72, pp.

less, the tunable spectral responsivity exhibits the potentiality in __ 4429-4443, Nov. 1992. ,
7] K. K. Choi, C.Y. Lee, M. Z. Tidrow, and W. H. Chang, “Performance

versatile applications, including temperature sensing and targ assessment of quantum well infrared photodetectdqsgl. Phys. Lett.
discrimination. vol. 65, pp. 1703-1705, Sept. 1994,
[18] E. Rosencher, F. Luc, P. Bois, J. Nagle, and Y. Cordier, “Capture time
versus barrier thickness in quantum-well structures measured by infrared

V. SUMMARY photoconductive gainAppl. Phys. Lett.vol. 63, pp. 3312-3314, Dec.
. . . . . 1993.
We have designed a superlattice with an energy filter to In119] E. Rosencher, B. Vinter, F. Luc, L. Thibaudeau, P. Bois, and J. Nagle,

vestigate the photoelectron transport in the superlattice mini- =~ “Emission and capture of electrons in multiquantum-well structures,”
band. In addition, this structure can be applicable as an infrared _ 'EEE J. Quantum Electronvol. 30, pp. 2875-2888, 1994.

. . [20] F. Capasso, A. Tredicucci, C. Gmachl, D. L. Sivco, A. L. Hutchinson,
photodetector, which shows the advantages of lower opratin A. Y. Cho, and G. Scamarcio, “High-performance superlattice quantum

voltage (0~ —0.7 V), wider and tunable spectral responsivity, cascade lasers|EEE J. Select. Topics Quantum Electrovol. 5, pp.
and flexible miniband engineering. A model based on the rate _ 792-807, May 1999.

. . 1] A. Tredicucci, F. Capasso, C. Gmachl, D. L. Sivco, A. L. Hutchinson,
equation is SUQQeStEd for the measured voltage-dependent 6%' and A. Y. Cho, “High-performance quantum cascade lasers with electric-

havior of the photoresponse. From this model, it is found that field-free undoped superlatticelEEE Photon. Technol. Lettvol. 12,
the intraminiband relaxation process (subpicosecond) is much  Pp. 260-262, Mar. 2000.
faster than both the interminiband relaxation (11 ps) and the
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