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Evidence for resonant electron capture and charge buildup
in GaAs/Al,Ga; _,As quantum wells
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Evidence for the resonant capture of electrons into quantum W@W¢'s) is demonstrated in the photolu-
minescencéPL) of GaAs/Al,Ga; ,As QW's doped with Be. We find that the PL intensity ratio between the
free-to-bound and excitonic transitions exhibits a strong oscillation as a function of the QW width bearing a
striking resemblance to the theoretical prediction of the electron capture rate. It is shown that this PL behavior
reflects the buildup of excess negative charge in the QW arising from the different capture efficiencies of
electrons and hole$S0163-18206)04623-1

Capture of carriers into quantum well®W's) has been tion was varied ax=0.22, 0.26, and 0.31, as determined
studied with considerable interest aimed at optimizing carriefrom the band gap of the AGa; _,As barriers. QW's with
collection efficiency for improved performance of QW various well widths and the same were prepared in one
lasers. Of particular interest is the quantum mechanical resovafer by suspending the substrate rotation during the growth
nance in the capture of carriers. Brum and Bastamd Of the GaAs well, thereby allowing the well width to vary
Kozyrev and Shik have predicted a strong oscillation of the across the wafer as a result of the spatial nonuniformity of
capture time as a function of the well width originating from the Ga beam flu%. PL was measuredta7 K with an

nance is associated with a so-called virtual bound statelYPical excitation power was 52ﬂW' which corresponds to

which appears in the barrier continuum when the highesf POWer density 0f=0.3 W cm*.
QW level lines up with the band edge of the barrier. In this__F1gures 18) and 1b) show the PL spectra of=0.31
situation, the barrier wave function penetrates largely intoQWS with various well widthsL,. The peaks labeled FE

the QW region, thus increasing the overlap with the QWand BE are due to the free excitons and excitons bound to
, ; abellO

bound states and enhancing the capture rate. The second kiﬁ(au”al acceptors, respect!\/_ely. .The peaks lab _0 are

of resonance occurs when one of the QW levels lies just ondue to free-to-bound transition, in which electrons in the first

LO-phonon energy below the barrier band edge. In this case,

the in-plane momentum of the emitted phonon becomes zero. BE
Since the matrix element of electron-LO-phonon interaction @ B (b) FE
varies as 11[2, wherefq is the momentum of phonon, this _ (e A% 57 A (e A% BE A 130 A
also leads to the enhancement of the capture rate. Experi- A A
mentally, several groups have successfully demonstrated the Ty A
resonant capture of electrons with the help of subpicosecond A A 1siA T
luminescence techniqu&s and/or samples with special A oA A
structures:*6 These studies have shown that such resonance i Mﬂ
effects do exist and can be observed in appropriate condi- > J\—J"ﬁ/& ——/\—/\’m
i 5 A N
tions. . . 5 143 A N 117 A
In this paper, we present photoluminesce(®k) studies = N 1
of Be-doped QW'’s, which provide evidence for the resonant : A A\ -—JL—/V\—li
capture of electrons. We find that the intensity ratio between & _/L_J\MA N i
the free-to-bound and excitonic transitions exhibits a strong o~ AN A ‘“fJ\ AN
oscillation as a function of the well width. It is shown that o~ AN A 110A N
this PL behavior reflects the buildup of negative charge in N,V Wt 108 A j(t
the QW arising from the different capture efficiencies of L A\ A 064 |
electrons and holes. 1.50 1.52 1.54 150 1.52 1.54 .
The samples studied are GaAs/@la;_,As single QW Photon Energy (eV)

structures grown at 580 °C on semi-insulating GAAS)

substrates by molecular-beam epitaxy. The GaAs QW was FIG. 1. PL spectra ok = 0.31 QW's with various well widths.
The well widths were calculated from the energy positions of the

5 doped at the well center witfiBe]=10'cm 2. The
Al,Ga,_,As barriers were 500 A thick and the Al composi- FE pea
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ks.
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| FIG. 3. Excitation-energy dependence of the PL intensities of

0 0 100 150 200 free-to-bound and excitonic transitions for 90-A QW witk0.26.
. Inset: PL spectra for the excitatio@ above and(b) below the
Well Width (A) barrier band gap. The excitation energies are indicated by the ar-

FIG. 2. PL intensity ratio between the free-to-bound and exci-fOWSs.
tonic (FE plus BB transitions as a function of the well width. For
clarity, the results fox=0.22 and 0.26 are shifted vertically. compared with the well widths for which the resonant cap-
ture of electrons is predicted. In calculating the position of

conduction subband recombine with holes bound to Be aclh€ resonance, the nonparabolicity of the conduction band
ceptors. It is seen that these peaks exhibit remarkable intedas necessarily taken into account, and the conduction-band
sity variations withL, . It is noteworthy that the behavior of Offsét ratio was assumed to be 0%2s seen in the figure,
the free-to-bound and excitonic transitions are complementh€ positions ofM, and L, peaks are coincident with the

tary. As the free-to-bound transition develops, the excitonidredicted positions of the first and second kinds of reso-
peaks shrink, and vice versa, keeping the total PL intensitj)@ncesthereafter referred to as virtual-bound-state and LO-
almost constant. phonon resonancgsrespectively. From the overall agree-

The PL intensity ratio between the free-to-bound and ex/ment in the peak positions and their dependencex,oNl,,
citonic transitions is plotted in Fig. 2 as a function of the
well width, together with the results for=0.22 and0.26.

The figure reveals a strong oscillation of the PL intensity 250
ratio. Forx=0.31, up to five pronounced peaks labeld

(n=1-5 appear in series, accompanied by subsidiary peaks

labeledL , (h=1-4). As x is decreased, the oscillation period 200
gets longer and the peaks shift toward larger well widths.

Apparently, these oscillations bear a striking resemblance to
the oscillatory behavior of the carrier capture rate predicted

in Refs. 1 and 2.

The importance of carrier capture in the above PL behav-
ior is confirmed by changing the excitation photon energy
below and above the barrier band gap. Figure 3 depicts the
excitation-photon-energy dependence of the integrated inten-
sities of the free-to-bound and excitonic transitions for a
90-A QW with x=0.26. The PL spectra obtained for the 50
excitation above and below the barrier band ¢af.89 eVj
are compared in the inset. Recall that in Fig. 2 the intensity
of the free-to-bound transition peaks at this well width Y, T T
(L,=90 A for x=0.26). Figure 3 shows that such an en- Al composition x
hancement of the free-to-bound transition occurs only for the
excitationabovethe barrier band gap. For the excitatibe- FIG. 4. Comparison of the peak positions of the PL intensity
low the barrier band gap, the free-to-bound transition is abratio and the resonance in electron captive, and L, peaks are
sent and, accordingly, the intensity ratio oscillation was nojpjotted as closed and open circles. The virtual-bound-state and LO-
observed. This result confirms that the carrier transfer fronphonon resonances are shown as solid and dashed lines labeled
the barrier into the QW plays an essential role. andn’, respectively. Inset: calculated electron capture rate vs well

In Fig. 4, the peak positions of the PL intensity ratio arewidth.
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andL , peaks are assigned to the virtual-bound-state and LO-

phonon resonances, respectivély. %
This assignment is also consistent with the amplitude of ~
the resonance peaks. The inset of Fig. 4 depicts the electron z
capture rate via LO-phonon emission calculated assuming z
the 7-K Boltzmann distribution of barrier electrons. As seen *2
in the figure, the resonance peak becomes largen as :
creases, and the virtual-bound-state resonances are consis- A~ ool e

tently larger than the LO-phonon resonanteShese ten-
dencies are consistent with the amplitude Mf, and L,
peaks, supporting our assignment.

Now we discuss the mechanism responsible for the ob-
served PL behavior. L&t°, N, n, andp be the densities of
neutral and ionized acceptors, free electrons, and free holes
in the QW, respectively. Noting that the recombination rate
of excitons should be equal to their formation rate in the
steady state, the PL intensities of the free-to-bound and ex-
citonic transitions are given asl (e’Ao)ZANOn and
lx=Bnp, respectively, wheré\ and B are constants. The :
acceptors are ionized by the free-to-bound transition, which E e
are then neutralized by getting free holes. This detailed bal- 10° 107 108 10° 100 10"
ance requires thaAN°n=CN™p, whereC is a constant. Excess Charge Density (cm™)
Thus, the PL intensity ratio is given by

Density (cm'z)

FIG. 5. (a) Densities of electrons, holes, and neutral and ionized
leao)y A N® C N~ acceptors angb) PL intensity ratio between the free-to-bound and
|—ex B F "B n- 1) excitonic transitions, calculated as functions of the excess charge

density in the QW.

Using the total acceptor densily (= N°+N™), Eq. (1)

can be rewritten as A=3x10"3 cm2s!, andB=C=10 cm ?s ’. These
parameters were chosen by fitting the results of time-
leaoy ~ N/B @) resolved PL experiments, which will be published separately.

lex P/A+n/C’ The calculation demonstrates that p, N°, and N~ are

strongly dependent o@&. This implies that the addition of

SinceA, B, C, andN in Eq. (2) are constants, the oscil- extra electrons to the QW significantly affects the population
lation of the PL intensity ratio implies that andp should of holes and the charge state of the acceptors.
oscillate with the well width. It is important to note that, for ~ As a result, the PL intensity ratio between the free-to-
a fixed carrier generation rate,andp can be varied only by bound and excitonic transitions changes significantly with
breaking the charge neutrality within the QW, i.e., the excess charge density, or the electron capture efficiency,
N~ +n—p#0. as shown in Fig. &). The intensity ratio changes by more

It is therefore suggested that the role of the resonant ele¢han two orders of magnitude, from0.02 to ~3, aséd is
tron capture is to break the charge neutrality in the QWincreased from 10to ~7x10° cm™ 2. The observed varia-
through preferential capture of electrons. The accumulatiotion of the PL intensity ratio has thus been reproduced by
of negative charge in the QW results in the band bendingassuming the buildup of excess negative charge in the QW.
which in turn modulates the capture rates of electrons and The above PL behavior is understood as follows. When
holes; the hole capture rate is enhanced and the electron cajre electron and hole capture efficiencies are nearly equal
ture rate is reduced until they become equal in the steadgnd & is smaller than 10cm™2, most of the acceptors re-
state. Hence, the charge density in the steady state shoubdain neutral as seen in Fig(ad. Holes can therefore form
reflect the difference between the initial capture efficiencieexcitons without being captured by ionized acceptors. Con-
of electrons and holes, and thus provides a measure of theequently, the excitonic recombination is dominant in this
capture efficiency of electrort3. case. As the electron capture efficiency is enhanced &nd

The effect of the charge imbalance on the carrier reexceeds 10cm 2, p decreases rapidly. This is because the
combination in doped QW'’s is demonstrated by the fol-free holes are used up in the exciton formation with the ex-
lowing rate-equation analysis. As discussed above, irtess electrons. Since these excess electrons are left unable to
the steady state electrons and holes are injected into the Q¥Whd free holes, they recombine with holes bound to accep-
at the same rat&. Thus, the rate equations are written astors. This explains the striking enhancement of the free-to-
G—-Bnp—AN°n=0 for electrons andG—Bnp—CN ™ p bound transition and the quenching of the excitonic transi-
=0 for holes. These coupled equations have been solveiibns in the resonant condition. This can also be understood
numerically to obtaim, p, N°, andN~ as functions of the by Eq. (1), in which p decreases with increasing while
excess charge densig=N""+n—p. N° remains almost constant.

The results of the calculation are displayed in Fi@)5In It is seen that the PL intensity ratio declines for the further
the calculation, we assumed th@&=3x10'® cm 2s !, increase ofs above 16°cm 2. As understood from Eq1),
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this is becaus®l~ saturates at #8cm~2 while n continues In summary, we have demonstrated evidence for the reso-
to increasé’® For the present case, however, the exces®ant capture of electrons in PL of Be-doped QW's. The ob-
charge density is thought to be less that®tin™2, since the  Served oscillation of the PL intensity ratio between the free-
PL intensity ratio depends monotonically on the electronto-bound and excitonic transitions has been explained as
capture rate? being due to negative charge buildup in the QW arising from
Finally, we compare our results with previous reports onthe different capture efficiencies of electrons and holes. Al-
undoped QW'’s. The present study shows that strong resdhough this phenomenon is observed only in doped QW's,
nance effects are operating even in steady-state PL of singtur results indicate that the resonant capture and the charge
QW'’s, in contradiction to some pervious studies showing ndouildup can occur also in intrinsic QW'’s.
evidence for the resonance effects. This is understood as fol- ) ) ) )
lows. Even if excess charge builds up in intrinsic QW's, it The authqrs thank R. Ito f_or his fruitful discussions and S.
influences the PL only a little, since all the carriers finally Ohtake for his technical assistance. One of the autf&\fs)
recombine as free excito$The role of Be acceptors in our acknowledges the support from the Toray Science Founda-
study is to provide a competing recombination channel fofion and the Asahi Glass Foundation. This work was sup-
the excess electrons. This enables us to observe the charg@rted in part by a Grant-in-Aid from the Japanese ministry
buildup and the resonant capture of electrons. of Education, Science and Culture.
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