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Excitonic photoluminescence quenching by impact ionization of excitons and donors
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We present a detailed experimental study on photoluminescence quenching due to exciton and donor impact
ionization by accelerated electrons under an in-plane nanosecond duration electric field created in
GaAs/ Al 3:Ga gsAs quantum wells. From the photoluminescence transients measured by the time-correlated
single-photon counting technique, we have determined the experimental conditions under which donor impact
ionization can have an influence on quenching of the excitonic photoluminescence. The coefficient of two-
dimensional exciton impact ionization has been estimated; its dependences on the applied electric field, lattice
temperature, and width of the quantum wells are given.

[. INTRODUCTION have studied exciton and donor impact ionization processes
in Al,Gg _,As/(n-type GaAs):Si quantum wells in dc in-
The ionization of intrinsic and extrinsic defects in bulk plane electric field by low-temperature luminescence. The
semiconductors and quantum wel3Ws) can be caused by authors observed sharp thresholds in the quenching of the
thermal vibrations of atomsso-called thermal ionization  luminescence from the free and bound excitons at fields near
by a photon absorption, or by free charge carriers due ta few tens of V/cm accompanied by a sharp increase in the
Auger process. In the latter case of special interest is theurrent. As a responsible mechanism, the exciton Il by the
impact ionization(Il) in high electric fields. The energy free carriers heated in the electric field was suggested.
which is required for ionization of defects is usually smaller However, to the best of our knowledge, the experimental
than the band gap of the materials studied. Up to now thatudy oftransient processesnder impact ionization condi-
phenomenon of Il has revealed interesting basic physics antbns in a quantum well is still lacking.
led to a number of applicatior(see review on Il in Ref. }1 In the present paper we report on research of photolumi-
However, the situation of impact ionization in nanostructuremescencéPL) transients caused by the electric field applied
differs strongly from the well-documented case in bulk semi-parallel to the layers of GaAs/jsGa, csAS quantum wells
conducting materials. For example, in two-dimensidi2&)  at temperatures that are close to liquid nitrogen and liquid
nanostructures the presence or absence of the impact ionizgelium temperatures. Combining the time-correlated single-
tion processes of impurities and excitons is defined, in prinphoton counting technique and electrical pulses of nanosec-
ciple, by the fact whether electric field is appliatbngthe  ongd duration, we were able to resolve experimentally the
axis of the structure growth or it is orient@ttparallel to the  ayciton and donor I processes in the time domain. The PL

nano;tructure layers. In the fir;t case, the electr_ic field ifransients were modeled by using a set of coupled rate equa-
QWs induces the quantum-confined Stark effect, i.e., polarg, o

ization of electron-hole pairs within the wefls? At high
electric fields, exceeding 50 kV/cm, the excitonic field ion-
ization predominate3® In superlattice$SLs) with strong in-
terwell coupling the situation is similar although excitons are
ionized at lower electric fields, usually lying within so-called _ )
miniband field regimé. The duration of such processes is  The PL experiments were performed on samples contain-
within the picosecond and subpicosecond time scale for th#g three QWs of GaAs/Al3:Gay esAs with a widthL, of
electric fields in the order of a few kV/cfThus, this ge- 20, 10, and 5 nm. These structures were grown by molecular
ometry eliminates the Il process in the QWs and SLs, sincéeam epitaxy on the semi-insulating substrate. Ohmic con-
2D carriers cannot be accelerated by the electric field to higitacts were formed by evaporating parallel strips of Au-Ni-Ge
energies due to carrier confinement by layers. with the subsequent annealing in the, ldtmosphere at

If applied electric field isparallel to the layers(case of ~450°C for 2 min. The distance between the strips was
in-plane electric field the general physical picture is quite either 0.5 mm or 1 mm. Nanosecond duration or dc electric
similar to that occurring in bulk materialsEree charge car- field was applied in parallel direction to the layers of the
riers can be accelerated by electric fields to kinetic energieQWSs. The strength of the electric field was estimated by
high enough to ionize defects and to destroy excitons by thdividing the applied voltage by the contact spacing.
direct impact. Since exciton binding energies in quantum The surface of the samples was illuminated continuously
wells are of the order of 10-15 meV, the Il should be ob-with an argon-ion laser with an energy of 2.38-2.75 eV, i.e.,
served at comparatively low electric fields. Wemeinal®  carriers were excited in the barriers and in the wells far

Il. SAMPLES AND EXPERIMENTAL TECHNIQUE
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FIG. 1. Stationary PL spectra of GaAspAlGa, gsAs QWSs of 0 100 200 300
L,=5, 10, and 20 nm at liquid nitrogen temperature at various Electric field (V/cm)

strengths of dc electric field.
FIG. 2. Dependence of the stationary PL intensity on the electric

above the resonances. The illumination spot covered all thi€'d strength -at two illumination intensities of 20 nm

area between the contacts. Typical excitation intenision ~ C2/S/AbasGa.esAs QW.
the illuminated surface varied from 1 to 100 mWFim
For the excitation and collection of the emission by thein Fig. 2. (The dependences for other QWs are similar and
sample, the light optical fibers were used. The collected lightherefore not shown hepelt is seen that the decrease of the
was dispersed by a monochromator and detected by a ph&L intensity is larger at low excitation levels. The physical
tomultiplier. The stationary photoluminescence and time+easons for this effect cannot be deduced from the stationary
correlated single-photon counting techniques were used iRL spectra alone. As will be shown later, only transient PL
the detection system. processes in pulsed electric field allow us to explain this.
The fibers along with the electrical cables for propagation Before proceeding to the transient PL research, we would
of nanosecond voltage pulses were mounted inside a speciife to make some remarks on the stationary PL spectra mea-
insert stick, one end of which was immersed in helium orsured at liquid helium temperature and depicted in Fig. 3. In
nitrogen storage dewar. To avoid multiple voltage reflectionscomparison to the data at liquid nitrogen temperature, the
in the cables and in order to support constant amplitude o$pectra at 4.2 K have an additional feature—the spectral line
voltage over the sample during breakdown, the sample washifts with the increase of electric field strength. Especially,
shunted with a 50Q) resistor. Experiments were performed the effect is pronounced for the narrowest well.
at liquid helium and at liquid nitrogen temperatures. We attribute this observation to the delocalization of
trapped to interface state 2D excitéfig® by the electric
field. In more detail, the physical picture is the following:
Free carriers heated by electric field can interact with exci-
IIl. EXPERIMENTAL RESULTS AND DISCUSSION tons causing either impact ionization or suppression of trap-
ping of excitons to interface states. If one assumes that total

. i . trap density does not depend on the width of the well, in the
Figure 1 shows the stationary PL spectra of studied QWs

at liquid nitrogen temperature and at different dc electric
fields. Three groups of transitions associated with excitons in
three QWs of different widths are clearly visible. Analysis of 1
transition energies suggests that the strongest PL lines ii
luminescence doublets are due to luminescence of heavy
hole excitons%* As for the origin of their weaker satellites,
we attribute them to the excited states of relevant heavy-hole
excitons'?
It is seen that in all cases the application of dc electric*
field decreases the PL intensity of excitonic lines. Calcula-
tions show?® that in electric fields from 100 V/cm to 400
V/cm the mean electron energy varies from 12 to 20 meV.
Since the exciton binding energy in QWs of 20 to 5 nm
width is from 7 to 12 meV, it is reasonable to think that Il of
excitons by electrons heated in in-plane electric fields can be
assumed to be responsible for the PL quenching. FIG. 3. Stationary PL spectra of GaAspALGa, ¢sAs QWSs of
Excitonic PL intensity versus dc electric fielel under  L,=5,10, and 20 nm at liquid helium temperature in the absence of
different illumination intensities for the 20 nm well is plotted electric field and at in-plane electric fields of 40 and 200 V/cm.

A. PL quenching at dc electric fields
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FIG. 4. The transient PL of 20 nm GaAs/AGg eAs QW in FIG. 5. The transient PL of 20 nm GaAs/ALGa, gsAs QW at
arbitrary units. The electric field was applied from 170 to 670 ns. y jllumination intensities. The electric field was switched on at
t=150 ns.

narrower well the exciton “feels” interface roughness more

strongly. Consequently, one expects that the narrower thge sha|l see, indicates that these features are present when
well, the hlgher the probability of the exciton ]ocahzauon. the nonradiative recombination time of free carrietsis
Therefore, it is reasonable that the spectral shifts due to ©fonger than the radiative recombination time of excitgn
citon localization are more pronounced for the narmowenye ghserved that the characteristic quenching time of the PL
well. Furthermore, the narrower the well, the shorter the life5,io gty s strongly sensitive to the applied electric field. For
time of free carriers, thus there is a large probability forjgiance, at the 0.1-0.9 level of the leading edge the transient
carriers to recombine without forming excitons. As a result,time of PL quenching is about 100 ns at 10 V/cm, while it is
relatively low PL is detected from the 5 nm well. Another close to 3 ns at 500 V/cm. It is worth noting tr;at the PL
possible explanation of this effect is that the conditions forquenching is observable in the fields as low as 5 V/cm. In
trapping of new light generated excitons in the electric fieldgg: |\ jt will be shown that the observed strong dependence
is less favorable than in the absence of the field. Due Qg the transient time on electric field strength is associated
collisions with the hot carriers, the exciton temperature may,iih the strong(exponential dependence of the exciton I
be slightly higher than the lattice one. As a consequence, th@oefficient on 2D free electron temperature.
exciton trapping by the interface will be suppressed. The decrease of illumination intensity drastically changes
The relation of these spectral shifts with the exciton delo-5, oyerall picture of the PL transients, as is evidenced by
calization was confirmed also by varying lattice temperaturei:ig_ 5 and Fig. 6, where normalized I,DL transients at two
As expected, experiments indicated the disappearance Qfterent illumination intensities under step-shaped electric
spectral shifts at lattice temperatures of 25-40 K. field are presented for 20 nm and 10 nm QWs, respectively.
Thus, the application of the dc electric field quenches theyy the transients after application of the electric field are
excitonic PL lines due to Il of the excitons by field- ghqn in the figures. It is evident that some other processes
accelerated electrons in QWSs. However, the stationary lumipacome important, depending on illumination intensity. At

nescence provides limited information on the evolution of Il 35 \wi/en? the PL evolution in Fig. 5 is similar to that in
process. Therefore, to get an insight into transient processes,

we have applied a somewhat nonconventional approach: The

sample was illuminated by the continuous laser irradiation 1 kq QW

while electric field pulses of nanosecond duration with lead- ) Ly=10 nm

ing edge risetime of 300 ps were used to impact-ionize the * s T=77 K
excitons. This has allowed us to avoid undesirable effects '.':"h‘f“ hv=1.5465 eV

e ot 1=30 mW/em’

3} F=200 Viem, ..

.\wﬁc’.{fﬁm’*“'

due to current filamentation and to have homogeneous lateral
distribution of excitons and free carriers before the Il process
has been set up.

PL intensity
e
V]
1

B. PL transients at nanosecond time scale L =3 mW/ 2% L
. . =3 mW/cm #-
The PL transients were measured at various strengths of F=354 V/cm/, 'v'-‘.‘.":M
electric field and intensities of the illumination. A typical PL 0 el PP B
transient at 77 K for 20 nm width QW is shown in Fig. 4. 0 500 1000
The electric field was applied in the time interval Time (ns)

=200-700 ns. Two characteristic features are clearly vis-

ible: The dip in the PL intensity in the leading edge of the FIG. 6. The transient PL of 10 nm GaAs{ALGa, ssAs QW at
electrical pulse and the overshoot after the electric field wagwvo illumination intensities. Note the absence of the fast transient at
switched off. PL analysis with the help of rate equations, asigher intensities in comparison to Fig. 5.
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FIG. 7. The flash in excitonic PL for 10 nm FIG. 9. The evolution of excitonic PL for 20 nm

GaAs/ Al 3:Gay sASs QW under electric field pulse of 120 ns dura- GaAs/Al ;:Gay gsAs QW under 120 ns electric field pulse of 100
tion atT=5 K. V/cm and 200 V/cm strengtil=5 K.

Fig. 4, however when illumination is reduced to the : :
y . combine with holes through the acceptor level. As a conse-
3 mWi/cnt level, the character of the PL transient has g P

N ) . (guence, a decrease in hole concentration diminishes exciton
changed. Now, two processes can be discriminated: The firsf, . . . S :
concentration, since exciton concentration is proportional to

which is in a hundred nanosecond time scale, is quite simila duct of elect d hol trati In that
to that depicted in Fig. 4. The second process appears a 1€ product of electron and ho'e concentrations. In that way
e Il of donors manifests itself in exciton PL spectra, and

proximately after 500 ns and dominates up to 1000 ns. W , . ) .
identify the fast process as Il of excitons by the electric fieldN€ ransients show that this process is slower than the exci-
accelerated carriers, while the origin of the slower one idON Impact ionization. . o .

thought to be related with the Il of residual impurities. At~ On the basis of these experimental findings, it can be
first glance it might appear that the excitonic PL should nothferred that the interpretation of excitonic spectra in dc
be sensitive to impurity 1l. These processes, however, arfi€lds is rather complicated since two Il processespact
indirectly related through the role of nonequilibrium holes asionization of excitons and of residual donpréoth being
illustrated earlier in bulk GaAgRef. 17: Before application caused by field accelerated electrons, overlap in time. There-
of the electric field, the electrons and holes excited by lasefore, these processes can be discriminated in time domain
illumination almost completely neutralize charged donorsonly from PL transients induced by the pulses of the electric
and compensating acceptors. Under intense illumination, thield of nanosecond duration.

influence of residual impurities on Il of excitons is not im-  The decrease in lattice temperature reveals new additional
portant. The circumtances change at low illumination intenfeatures in the PL transients, in particular for narrower wells.
sity, when concentration of excitons is comparable or everFigure 7 displays the PL transient taken at temperature close
lower than the concentration of residual impurities in QWs.tg that of liquid helium. It is seen that the 10 nm well pro-
In the presence of electric field, the Il of neutral donors in-gyces the PL flash at the leading egde of the electrical pulse.
creases the concentration of electrons, which effectively regq; the 5 nm wel(Fig. 8), the flash in the PL is shorter. As

we shall see in Sec. IV, the dependence of the flash reflects

. QW the competition between exciton and donor impact ionization
2 ¢ L..=5 nm processescf. the solid curve in Fig. 1)1 The flat part after
z . Tv=VS K the fI_ash is dl_Je to an increase of the PL at 1.6213 eV energy
@ 15k H and is associated with trapped to interface state exciton de-
5™ % . localization and PL peak shift to higher energies, as was
= : .m . demonstrated in case of the dc electric fields in Fig. 3. In
: 1 w n °% contrast to the narrower well, the PL transient of the 20 nm
-5 [ 2 well (Fig. 9) at 5 K issimilar to that at liquid nitrogen tem-
I=100 mW/cm perature. Figure 9 clearly displays that in addition to the
0.5 F=200 V/cm pulsed illumination intensity technique, which is more com-
i hv=1.6213 eV mon in transient PL experiments, the pulsed electric field can
0 ) ] . ] be used with success as well to govern the PL evolution
0 100 200 processes. In Fig. 9 at lower pulsed electric field, the PL
Time (ns) transient reproduces the shape observed earlier at 77 K and at
higher intensitiegFig. 4). In stronger fields in Fig. 9 as well
FIG. 8. The evolution of excitonic PL for 5 nm as atlower illumination intensity in Fig. 4, two processes can

GaAs/ Al 3:Ga&) gsAs QW under electric field pulse of 120 ns dura-
tion atT=5 K.

be resolved: The fast one caused by exciton Il and the slower
one which originates from the Il of residual donors.
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IV. SIMULATION OF THE PHOTOLUMINESCENCE changes with electric fieléF. For example, in Gey is in-
TRANSIENTS versely proportional toF.?® No measurements of have
been performed using 2D excitons. Bearing in mind the fact

In this section we present theoretical considerations diz . 1o binding energies of the exciton and the shallow do-

rectly illustrating the interpretation of the experimental datanor are simila?’ we used in the calculations the constant
in the whole set of the measurements. As a rule, the distri\—/amey:1 cn?/s andBp=1INf7,=1 cn?/s.

bution of particles in a QW generated by a short laser pulse, (iv) Radiative decay of free-ex?:itorii: is known that the
the photon energy of which is larger than the barrier energyyee_exciton radiative recombination timg depends on the
gap, is rather complicated and is related mainly with a nonyigih of the QW and follows the linear law with lattice tem-
uniform charge-carrier distribution in the sample. The use Oberature, i.e.ry= CT.28 The coefficientC is found to be 22

continuous laser illumination significally reduces the nonuni-ns/K for a 4 nm QW, 32ps/K for a 12 nm QW, 65 ps/K for
formity due to the diffussion effects, therefore in calculationsapn 18 nm QW2 and 100 ps/K forL,,=10 nm%® In our

we neglected all concentration gradients and related phenomgzculations the value ofy=1 ns was used. The decay co-
ena. The good quality of the samp[es and low backgroungsficient is defined ayVy=1/7y.

impurity concentration allowed us to ignore deep center trap- (y) |mpact ionization of excitons and shallow impurities
ping effects:® Since the studied processes are associategihe || coefficient of exciton#\, depends on the free-carrier

only with the wells, it is reasonable to neglect the particle’sgjstribytion function in the QW and the cross section of ex-
nonuniform distribution in the barrier. Thus, under these Cir-jion impact ionization which is a function of QW wideh.

cumstances, the physical phenomena can be modeled byjR electric fields, when carriers become hot, the carrier dis-
system of coupled rate equations for corresponding particlgiphytion function changes causing a variation of impact ion-
densities in the well. _ _ _ ization coefficient of excitons from small values at low elec-

The following kinds of particles will be included: Free o temperatures up to 50 éfs at electron temperatures of
electrons and free holes with concentrationsndp, respec-  gphout 100 K32 Since the impact ionization coefficieAt, of
tively; neutral and positively ionized donors of concentra-gnajiow donors in a QW is unknown, and the impact ioniza-
tionsNp, andN; ; neutral and negatively ionized compensat-tion of impurities has a critical impact ionization field, in
ing acceptors of concentratiom and N, ; excitons with  calculations we used the following valuegy=10 cnf/s
concentrationNy . In the model we assumed that the total and Ap=0 at fields lower than critical field.,=5 V/cm
residual concentrations of donors and acceptors in QWs argndA,=10 cnf/s andAp=1 cn?/s for fieldsF>F_.. We
respectively, Np=6x10° cm™? and No=3x10° cm % neglected here the impact ionization of acceptors because
Before proceeding further, we turn first to the considerationsheir ionization energy is larger by a factor of 5 than relevant
on the rate coefficients. exciton and acceptor energies.

(i) Free electron-hole pair generation in a QW by alaser  Qur calculations were performed for low lattice tempera-
In a general case, electron-hole pairs are generated both {gres, therefore thermal ionization processes have not been
QWs and in the barriers. At the excitation photon energy ofincluded in the simulation model.
2.4 eV, the absorbtion coefficientis equal to 18 cm™* for We solved the set of four coupled rate equations for free
GaAs and 6<10° cm ! for GaAs/Al 3GayesAs.™ If the  electrons, holes, neutral acceptors, and free excitons,
light intensity is 10 mW, the generation rate will li&~5
X 10" cm™?/s. Theoretical and experimental investigations dn 0 0
show that the capture of free electrons into the QW occurs §; =G~ NNpBp—NNaWea+ NNpAp —npy+nNyAy,
within 150—500 p£%?! Since we simulate the process in a 1)
nanosecond time scale, we assume that independent of elec-
tric field value the same number of light generated carriers is d
captured into the QWs; therefore, the valuB=1 —sz—pN; Bo—Npy+nNyAy, 2)
X 10" cm~?/s was used in the simulation. dt

(ii) Free electron and hole recombination with residual
shallow impurities Usually, at low temperatures photoex- ng B 0
cited electrons and holes nearly completely neutralize the WZPNA Ba—NNaWen, (©)]
shallow ionized donors and acceptdfsThen free electrons
recombine with holes bound to an acceptso-callede-A dN
transition). Thee-A recombination time determined by time- —X_n Py — NyWy—NNyAy, (4)
resolved PL measurements in Be-dopedQ@¥, ,As/GaAs dt
QWs was found to be.,~30 ns, while hole trapping by an
ionized acceptor w%s estimated to be shorter thalti).y the Rgnge—Kutta method. .Thg product Ik and Wy
7n=5 ps? Therefore, thee-A recombination rate coeffi- 9'V&° the intensityy of the excitonic PL.

' The concentrations of the remaining acceptors and donors

cient is equal tBga= 1/N2¢eA=0.1 cnt/s. For a better fit — ot 0 .
of the theory and the experimental results, we used the hold¥A ’N.D , and ND can b+e found fr_om the charge-neutrality
equation,n+N, =p+Np , and noting that the total number

to-acceptor rate coefficierB, equal to 10 crfis and the 0 ) 0

electron-to-donor rate coefficieBp=1 cn?/s. of donors, Np=Np+Np, and acceptorsNa=Na+ Ny,
(i) Free electron and hole recombination into free exci- 40€S not change with time:

tons The exciton formation coefficient determined experi- B 0

mentally ranges from 0.5 up to 14 ém2*2%In general,y Na=Na—Nga, 5
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FIG. 10. Calculated transient carrier concentrations. The electric FIG. 11. Simulated exciton PL transient at different conditions.
field is switched on at=0 and switched off at=100 ns.Ny, n, Dotted line, the impact ionization of donors is not included and free
andp label exciton, electron, and hole concentrations, respectivelyexciton lifetime r is equal to free electron lifetime, . Other pa-

N9 is the neutral acceptor concentration. rametersA,=0 cnf/s,7y=1 nsy,=1 ns; dashed line, the im-
pact ionization is not included, but free exciton lifetime is less than
NS=n+N,§—p, (6) that of free electrons. Other parameterA"D=0 cni/s, my
=1 ns,/,=33 ns; solid line, impact ionization of donors is in-
N%= Np— NE; . (7) cluded. Other parameter8},=1 cn?/s,7x=1 ns,;,=33 ns.

Figure 10 depicts some of the solutions obtained with Egs. (i) The solid curves in Fig. 10 and Fig. 11 show the case
(1)—(7) at impurity concentrations ofNp=6x10° cm 2 when _the impact ionization of_t_)oth excitons a_nd donors is
and N,=3x10° cm™2. The steady—state solutions undert&_lken into account. Mor_e s_peqﬂcaglly, the coefficients of ex-
continuous laser irradiation served as the initial condition<iton and donor impact ionization in the presence of electric
for Egs. (1)=(7). In our model it is assumed that only || fields were assumed to be\x=10 C”‘Q'(S and Ap
coefficients depend on the electric field. At times0 and =1 CNP/s, respectively, while the free-exciton lifetime
t>100 ns the electric field is absent, therefore the Il coeffi-Was taken less than the free-electron lifetime [These val-
cients for excitons and donors in Edé)—(4) were equal to  U€S are reasonable for 20 nm QWef. 33]. Figures 10 and

zero at these times. The electric field was applied in the timé1 reveal the following evolution of the QW breakdown pro-
interval 0<t<100 ns, whereAy=10 cn 2/s and Ap cess: Before application of the electric field, the electrons

=1 cm ¥s. It is worth noting that the experimentally ob- and holes generated by a laser completely neutralize the

served excitonic intensity is directly proportional to exciton charged donors and acceptors. In the presence of electric

concentration. fields, the exciton concentration changes due to two compet-
To understand the behavior of the concentrations prelnd processes. On the one hand, the field-accelerated elec-

sented in Fig. 10 and the time dependence of PL intensity irons ionize the excitons, thus reducing their concentrations.

Fig. 11, we have solved rate equations under three differerfPn the other hand, the hot electrons ionizing collisions with
conditions. the neutral donors favor the opposite process, i.e., exciton

(i) The dotted line in Fig. 11 shows the case when thdormation, because the probability of exciton generation is
free-exciton lifetimery is equal to the free-electron lifetime Proportional to the product of free electron and hole concen-
7, i.e., 7¢=7,=1 ns. As it is seen in Fig. 10, when the trations. As a result of the competition of these two pro-

ny 1:Se n . . ) .

impact ionization becomes important, the concentration of€SS€S, the flash forms on the leading edge of the PL tran-
excitons begins to decrease, which causes an increase $#£Nt @s seen in Fig. 11. Experimentally this peculiarity was
electron and hole concentratiofexperimentally this is evi- clearly observed in Fig. 5. The comparison of the calculated

dent from the transients under strong illumination in Fig. 6 results and experimental data after switch-off of the field

(i) The dashed line in Fig. 11 demonstrates the PL tranimplies that the recovery of the PL is much longer than the

sients when the free-exciton lifetime is less than the freeS@lculated one. We suppose that, probably, this discrepancy

electron lifetime ¢x=1 ns;,=33 ns). It is clear that the IS related to the omission of the donor-acceptor transitions.
excitonic PL transient has two parts. Initially, after switching
on of the electric field, the PL intensity is quenched very fast,
but later it begins to grow slowly. The calculated evolution
of the PL nicely reproduces transients observed experimen- Theoretically, the coefficient of impact ionization of exci-
tally (Fig. 4 and Fig. 5, strong illumination tons is definetf as

V. EVALUATION OF THE COEFFICIENT OF THE
EXCITON IMPACT IONIZATION
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- Ay increases from 0.4 up to 10 érs for fields of 5-250
: Ly=20 nmo ° V/icm (QW of 20 nm width at temperature 77)KAt 4.2 K
° lattice temperature, somewhat higher valuesAgfare ob-
10 o ° ° €20 nm tained. However, we would like to stress that this approach is
: ® rather crude since the accuracy of the evaluation of the co-
~ I 00' o - m10 nm efficient Ay is limited here mainly by the error in an initial
s S A5 nm free-electron concentration. Thus, in fact, Fig. 12 reflects the
é i A functional dependence, because the absolute sca#lg oén
‘-; 1 - be inaccurate up to an order of magnitude.
< E‘ " A Finally, it is worth noting that we have not observed a
¢ u QW critical breakdown field for exciton impact ionization. For
L = A :}T=77 K instance, for the QW of 20 nm width at 77 K, the field-
A induced breakdown starts &@=5 V/cm, while at T
0.1 = o T=5K =4.2 K itis around off =20 V/cm. The observed thresh-
E._._._._|_._._._._|_._._._._|_._._._._|_._._._._‘ old was limited by the sensitivity of our experimental setup
0 50 100 150 200 250 and more accurate measurements are needed. The decrease
Electric field (V/em) of the breakdown field with lattice temperature was ex-

plained earliet’ with the help of the Boltzmann transport
FIG. 12. Coefficient of exciton impact ionization versus the €quation in the case of donor impact ionization. In general,
electric field. Dark symbolsT=77 K; open circles,T=5 K. the breakdown field depends on the balance between ioniza-
Numbers 5, 10, and 20 label the width of the GaAg/ABa cAs  tion and recombination, which have an opposite dependence
QWs. on lattice temperature. EquatidB) shows that the strength
of impact ionization depends on overlap of the distribution
w function f(€) and exciton ionization cross sectiory(e). At
A><=J fo(e)v(e)ox(e)de. (8)  temperatures close to liquid helium temperature, the overlap
0 is negligible at zero electric field and finite at high electric
) o ~ fields. However, at high temperatures the overlap is finite
It is apparent that the Il coefficient depends on the carriegyen in the absence of electric field. As a result, the observed
disribution functionf, and Il cross sectiowy . In Eq.(8),  threshold field is lower at higher temperatures. From earlier
v(e) is the velocity of the free electron equal i(€)  theoretical consideratioffsit follow that no threshold break-
=y2e/m*, where € is the free-electron energy. One can down field exists for excitons, when donors and acceptors
note that in the definition of Il of 2D excitons in QWs by Eq. are neglected®
(8), in comparison to the three-dimensional case the(8x.
contains noye, since in the two-dimensional case the den-
sity of states does not depend on energy and is equal to

pop=m*/7#23° The cross section is one-dimensional and VI. CONCLUSIONS

depends on the exciton tygkeavy or light holgand the sort In summary, we have examined the impact ionization pro-
of charge carriers participating in the Il procegdectrons, cesses in GaAs/fksGay gsAs quantum wells in the electric
heavy, or light holes field applied in-parallel to the layers. The PL quenching in dc

In Ref. 36, the 3D exciton Il coefficient was estimated electric field is studied at liquid helium and nitrogen tem-
considering the transient luminescence at the initial time moperatures and under different light excitation levels. First, we
ments, where it was shown that the PL decay curve has thgetermined that the PL quenching of excitonic lines is related
slope 1/=Ngx/(NoxAt), whereNyy is the initial exciton to the impact ionization of excitons and donors by electric
concentration andNgy denotes the exciton concentration in field accelerated hot carriers. Second, the influence of the
an electric field. If electron concentratiog is known, then, impact ionization of residual impurities on the quenching of
as shown in Ref. 36, the coefficient of exciton impact ion-excitonic photoluminescence is demonstrated: The impact
ization can be found from\y=1/(mn). ionization of neutral donors increases the concentration of

In this way the obtained\y values for studied QWSs are electrons, which effectively recombine with holes on the ac-
given in Fig. 12 at an illumination of 30 mW/cmlt is seen  ceptor levels; consequently, the decrease in the hole concen-
that the Il coefficienAy depends on the applied electric field tration diminishes exciton concentration since it is propor-
and on the width of the QW through the cross section oftional to the product of electron and hole concentrations.
impact ionization. Our calculations within the electronic Third, from the PL transients caused by the application of
temperature mod&indicate that the ionization coefficientis pulses of electric field of nanosecond duration, we deter-
smaller for narrower wells. Thus, the experimental data conmined that if the concentration of excited carriers is compa-
firm the theoretical prediction¥. rable with that of residual impurities, then exciton impact

As for the dependence @y on the electric field, a clari- ionization by hot electrons can be time-resolved from donor
fying remark here is also in order. The analysis in Ref. 32 ismpact ionization process. The first process was found to be
based on hot electron temperature, which is a function ofery rapid and occurs within nanoseconds, while the second
electric field strength. At stronger field, the hot carrier tem-process with donors and acceptors is determined to be much
perature is higher, therefore the increasé\gfwith the field longer, extending up to microseconds. Fourth, we developed
is expected. Obtained data exactly follow this prediction, i.e.the model for calculations of the photoluminescence tran-
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sient shape and estimated the 2D coefficient of the exciton
impact ionization, which was found to be in the range
0.4—20 cri/s at electric fields of 5-250 V/cm. In accordance  This work was supported, in part, by Lithuanian State
with Ref. 32 we also determined that the 2D impact ioniza-Science and Studies Foundation within the framework of ES-
tion coefficient increases with the electric field strength duePRIT Program Project PHANTOMS Il “Physics and Tech-
to the mean carrier energy dependence on the applied imology of Mesoscopic Systems” and Lithuanian State Sci-
plane electric field. ence and Studies Foundation Grant No. 20226.
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