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Theory of transient spectroscopy of multiple quantum well structures
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A theory of the transient spectroscopy of quantum W@W) structures under a large applied bias

is presented. An analytical model of the initial part of the transient current is proposed. The time
constant of the transient current depends not only on the emission rate from the QWs, as is usually
assumed, but also on the subsequent carrier transport across QWs. Numerical simulation was used
to confirm the validity of the proposed model, and to study the transient current on a larger time
scale. It is shown that the transient current is influenced by the nonuniform distribution of the
electric field and related effects, which results in a step-like behavior of the current. A procedure of
extraction of the QW emission time from the transient spectroscopy experiments is suggested.
© 1999 American Institute of Physids50021-8979)00315-1

I. INTRODUCTION 3. The analytical model is confirmed by numerical simula-

tion, and the procedure of the extraction of the QW param-
Transient spectroscopy of quantum-w@ElW) structures  eters from experimental data is discussed.

allows to study the emission processes from the QWs and

thus to obtain information on QW parameters, such as the

energy spectrum, photoionization cross section, tunneling esr. ANALYTICAL MODEL

cape time, et¢=2 This technique is based on an analysis of

the transient current or capacitance relaxation upon the ap- We consider a QW structure containilg QWs (n

plication of alarge-signalbias across the QW structure. It doped at sheet densityp) of width L,, separated by un-

complements admittance spectroscopy, which studies the diloped barriers of width., large enough to prevent interwell

ternating currentac) in the QW structure upon application tunneling(see Fig. 1 This structuregis typical for quantum
of a small-signal voltage* The transient spectroscopy of Well infrared photodetectorQWIPS.” The QW structure is

QWs has many similarities with the deep level transientProvided with a heavily dopethmio collector and a block-

spectroscopyDLTS)® and enables a simple theory to be de-'N9 emitter gontap(for eX,amP'e’ containing a Schc.)ttky. bar-
rived for use in the processing of experimental datiow-  'l€F OF p-n junction) which is often used to avoid direct
ever, there is an important difference in the carrier capture b urrenlt(gc);nd thus to simplify the interpretation of experi-
deep levels and that involving QWSs. In the latter case, th enéa ) at fh first iod of the t ent i
presence of a continuous energy spectrum for the in-plane yrlng? the fII’S p(ejrlé)_ ot the I'r?jnfletnh spet_:ttroscopdy
motion in the QW allows the capture by emission of a singleeﬁpewqen ' f_e” gr\évar | '?S IS ap‘?hleth 0 e.l.gm' er, :n ¢
optical phonon rather than by a multiphonon processes typl‘§l Q. s are filled by electrons wi € equilibrium shee
. densityNy~Np . In the second period, a large reverse bas

cal for deep levelS.As a result, the corresponding capture is applied to extract electrons from the QWs, and transient
times are several orders of magnitude less than for deep lev- bplie T :
els and often do not exceed a few picosecdhiibis quan- current is recorded. The problem has some similarities with
o : . . o the treatment presented for the kinetics of electron packet in
titative difference results in serious qualitative consequences

) ; k | system of undoped QWS.Immediately after the applica-
The processes of carrier transport between neighboring QV\Zs‘|son of V, the electric field in the QW structure is uniform

can no longer be considered as infinitely fast. These prog given byEy= (V+V,)/L, whereV,, is the built-in volt-
cesses may play a decisive role in the relaxation kinetic%lge between (;he emitt%r and collecbtlor dnd ML+ (M
changing noticeably the formulas of a simple theory, similar+ 1)L,~(M+1)L, is the structure thié:kness. 'I!Vhis field

to the case of structures with very high concentration of deeli:fauses fast removal of delocalized electrons from the struc-
levels® In this work, we present a theoretical description Ofture at almost fixedN,. This is a very faston a ps time

the transient spectroscopy of QWs and discuss its possiblg.a1q component of the transient curréhtimited by carrier
applications. We obtain more general analytical expressionsynyre and transit times, which is manifested as an instan-
for the parameters of the transient current than those of Refynequs current step in the case of limited time resolution of
a measurement setup. We shall be interested here in a sub-
dElectronic mail: mershov@gsu.edu sequent slow current relaxation caused by the QW recharg-
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ing. The initial part of this relaxatiofafter completion of the dl |
fast transientcan be easily calculated. a(O) === ° [1—-(1+Mp)(1—p)M], (7)
In the presence of external illumination, the emission p*M(M+1)

rate from theith QW with electron densityN; is GN;  wherel,=eGN,M is the total emission rate from all QWs.
=o®N;+ vy exd(es—&)/KT], whereo is the photoionization  Equations(6) and (7) give us the relaxation time constant
Cross SeCtion,CID is the incident photon ﬂUX$i is the QW (inverse normalized S|0pe of the Curr}_gnt
ionization energyg¢(N;) is the Fermi energy of the elec-
trons in the QW, and is the thermoionization coefficient. In _(didt)™t pM—(1-p)[1-(1-p)"]
our estimates and further numerical simulations, we shall " I B G[1-(1+pM)(1—p)M]
restrict our analytical calculations to the case of relatively ) _

In the most interesting case, whgn<l and M>1

low temperatures or high light intensities givirg=o®. ; ,
This restriction is not compulsory since all analytical formu- (Which corresponds to practical QWIPparameters, andr

las are applicable for an arbitrary relation between the optica"® €xPressed as

®

and thermal generation. lo=leXg{1—g[1—exp —1/g)]}, 9)
We assume that the carriers emitted from the QWs drift
with a constant velocity 4 towards the collector. While tra- 1 1-g[l-exp—1/g)] 10

versing a QW, carriers are captured by the QW with a prob- ™G ><g[l—(1+ 1l/g)exp(—1/9)]’
ability p (0O<p=1). Carriers emitted from thith QW give
the following contribution to the carrier concentration in the
i-th barrier[betweenith and (+ 1)-th QWS

whereg=1/(pM) is a transport parameter. If we character-
ize QW capture processes by the capture timer the cap-
ture velocityv,=L,/7., which is related to capture prob-

N, _ ability as p=1/(1+vg4/vy),'**® then g=r./7,+1/M
ni=——-1~ >1—p)" " Xi=k). (1) ~ 1./ 7,, Wherer, =L/vq is the transit time. Therefore, the
Vd parameterg corresponds to the photocurrent gain of a
9
The total concentration in thigh barriern; QWIP.

It should be noted that the amplitude of the transient
! G . , currently is equal to the amplitude of the fast transiéprti-
ni:kzl Mi=3o kzl Ni(1—p)' k. (20 mary photocurrentin a photoexcited QWIP* In general,
the time constant for the transient curretis determined not
Since the change of a QW charge is determined by the baPnly by the emission time @, but also by a transport pa-
ance between carrier capture and emission, we can, with tH@meterg, similarly to the case of DLTS for a very high

help of Eq.(2), obtain the system determining the kinetics of concentration of deep centérarticularly, in the casg
all N; : <1 we haver~1/(gG)>1/G. Hence, one cannot obtain the

photoionization cross section from the transient spectroscopy
dN; B ik experiment ignoring the correction fac{eee Eqs(8)—(10)]
gr -GNt ni-vep=G _Ni+k§=:1 Np(1-p) dependent org. Only in the limiting caseg>1 (or pM
3) <1), the relaxation time tends to@/which corresponds to
the simple model of Ref. 3. To fulfill this condition, one has
and, hence, of the current in the external cird@i) which  to use QW structure with small capture probability and small
could be expressed in terms Nf(t): number of QWSs. In this casé,=0.5X1,, which corre-
" G M sponds to a high-frequency gain value of 0.5 for extrinsic
d e i photoconductors and QWIPs with large value of the low-
+1 .21 =M1 .21 kzl N(O(2-p)' " (@) frequency gairg.1***°Note that the capture probabilityis
a function of the electric field, decreasing with field, so that
In principle, we can obtain analyticathough rather the simplified approach predicting=1/G can be accurate at
cumbersomesolution of the linear system of E¢3) for an  high fields, but inaccurate at low fields.
arbitraryt. However, it would not be correct. The change in We point out that the value of the photocurrent ggin
N; causes redistribution of the electric field and, hence, of thean be determined from the transient photocurrent in QWIP
drift velocity in the system. This means that is no longer illuminated by a step-like infrared radiation, where the ratio
constant but changes from point to point in an unknown wayf the amplitude of the fast transient to the steady-state pho-
so that the behavior df(t) remains unknown. That is why tocurrent is equal t§1—g[1—exp(—1/g)]}.1*
we restrict ourselves to the initial stage of the slow relaxation
when we can still assume th_at in the right-hand side of qull. NUMERICAL SIMULATION
(3) Nj=Ng andvy=const. This gives

i—-1

ev
(=1

The model presented above is justified only for the ini-
ﬁ: —GNy(1—p)i 4, (5) tial part of the _transient, since we neglectgd the modulatic_)n
dt of the electric field due to the QW recharging. To check this
model and to obtain a description of the transient current for
a wider time interval, we also studied the transient processes
using numerical simulation. A time-dependent QWIP

le

1(0)= p(M+1)

1-p
1— Y [1-(1-p)M]¢, (6)
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FIG. 1. Schematic illustration of the conduction band diagram and the tran- ) _ )
sient current in the transient spectroscopy experiment. FIG. 3. Dependence of the inverse normalized time consédmtand am-

plitude of the transient current /I, on the value of gairg. Solid lines—
analytical model, markers—numerical simulation.

simulatot™'®was used with a zero-current boundary condi-

tion for the reverse-biased emitter contact. We simulated the

transient  spectroscopy experiment of Ref. 3 onstep in Fig. 2a)] is very well described by an exponential
GaAs/Ap Gay 7As QW structure with the are&=2  fynction with the amplitude and time constant calculated by
X10~* cm™? containing ten donor-doped QWs with our analytical model without any fitting parameters. The time
Ly=60 A QWs andNp=5x 10" cm~?, undoped barriers constant obtained is~345 us, while the emission time is
with Lb:350 A , SChOttky emitter ContaCV()iZO.?S \/) and somewhat Sma"er’ @=300 US.

collector GaAs contact doped with donors atl@m . Starting from the time momert= 7', the transient cur-
The photoexcitation conditions were similar to those used iftent decays more rapidly, and displays a series of steps and
the experiment. shoulders. These features are due to the redistribution of the

Figure Za) shows the transient current calculated for Adelectric field caused by the dep|et|ng of Q\[\@e F|gs Q))
reverse bias of 1 V, which for the givev, corresponds to  and Zc)]. Theith step occurs when the electric field in the
the applied fieldEq~40 kV/cm. The capture probability was (M +1—i)-th barrier becomes zero. When this happens, the
chosen to bep=0.04 so thag=2.5. The initial part of the  electron density in theM +1—i)-th QW returns to its equi-
transienft=<7’, wherer'~43 us is the position of the first |iprium value Ny, and this well does not contribute to the

emission current. The electron transport in the region be-
tween this QW and collector is purely diffusive. Using Eg.

250 - " L2 ;

200 @ ] (5) and the condition of zero electric field in tihdth barrier
z Eo=3M,eANi/eeq i/M+1 (seq is the dielectric con-
ot stany, we obtain the following estimate for the time constant
100 “ y Iz
£ Fooo e TN Tl T .
S 50F

0

z s o~ E80E0 5 ! . (11)
574 eGNoM g2[1—(1+1/g)exp —1/g)]

§4T
c - 3
% ?2 For the case of Fig. 2, this estimate gives=39 us, which
w4 =1 is in a good agreement with the results of numerical calcu-
_of L . L ] lations (7' ~43 us).
geor = = (©} ] Sincer’ < (unlessg is very small, only a small initial
=120 // ] part of the transient process is described by the exponential
3 8of ] function with time constantr and amplitudel ;. Thus, the
'% 40 s 7 fitting of experimental data by an exponential funption to
g o0 e e e m— extract the time constantshould be done over the interval

0 100 200 300 400 0=<t<7'. The fitting over longer time intervals can result in

Time (us) a significant error in estimating [the dashed line on Fig.
2(a) is an “intuitive” exponential fitting with the time con-
FIG. 2. (a) Transient current(b) electron density in QWs, an) electric stant7=130 us]. It should be stressed that the measurement

field in the barriers for structure with 10 QWs. (@), solid line—numerical - it should haveRCtime constantR is the load resistance
simulation, dashed line—analytical model, and dotted line—exponential fit- . . .
ting of the transient current on a large time scale.(h and (c), labels andCis the QW structure hlgh-frequency capamt@rrmlch

indicate the index of the QW and barrier, respectively. smaller than time constant for correct evaluation of.
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250 T T

due to the electric field redistribution. This effect makes the
extraction procedure of the time constarftom the slope of
the transient current more complicated. However, the tran-
sient current amplitudé, is not affected by the field redis-
tribution. Since the amplitude is directly related to the pho-
toemission currentlg=0.9,) in the casgg>1, we propose

to use the amplitude of the transient current rather than its

200

150

o 20 40 60 80
Electric field (kV/cm)

Current (nA)

100 | slope to extract the photoionization cross-section from ex-
g ] perimental data.
50 | )
field-dependent T, IV. CONCLUSIONS
~~~~~ field-ind dent .
0 [ eidnincependent . . . A theory of the transient spectroscopy of QW structures
0 100 200 300 400

is presented. Analytical expressions for the initial stage of
Time (us) relaxation current are derived. It is shown that the time con-
stant of the transient current is a function of both the photo-

FIG. 4. Comparison of the transient currents for the cases of the field

dependentsolid line) and field-independer(dashed ling photoionization |on|z_at|0n_ cross section and the trgnqurt par_am_gtbe-

cross sections. The inset shows the field dependence of the photoionizatiéPMINGg mdepend_ent ag>1. Num_encal simulation is used

cross section. to check the validity of the analytical model and study the
transient current in more detail. The procedure of extraction
the QW emission rate from the experimental data is dis-

. . cussed.
To check the influence of the QW capture veloaityon

the time constant, we simulated the transier_wt response for \CcKNOWLEDGMENTS
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