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The tunneling mechanism of electrons and holes to surface states - from near-surface
Al ;Gag,As/GaAs quantum wells has been investigated by steady-state and time-resolved
photoluminescence spectroscopy, near liquid-helium temperature, of the excitonic el-hhl
transition in the well. The ensemble of the data, taken over a wide range of optical excitation levels,
for various values of the tunneling-barrier thickness, and before and after passivation of the surface
by hydrogen, allows a description both of the details of the tunneling mechanism and of the
character and behavior of relevant surface states. The main results are summarized as follows: (i)
steady-state tunneling is ambipolar, namely, separate for electrons and holes, rather than excitonic;
(ii) Spicer’s advanced unified defect model for an oxidized GaAs surface, antisite-As donors as
dominating surface traps, provides an appropriate description of the state distribution at the interface
between AlGaAs and its oxide; (iii) hole accumulation in surface states, resulting from the
nominally different unipolar tunneling probability for the two carriers (and increasing with
excitation level), generates a dipole electric field across the tunneling barrier, extending into the
well; (iv) hydrogenation efficiently passivates electron trapping in surface states, but not hole
tunneling and the consequent generation of a surface field by illumination; (v) the experimental
findings agree with a model for ambipolar tunneling based on a self-consistent quantum-mechanical

approach.

I. INTRODUCTION

The tunneling of electrons and holes to surface states
(SS), with consequent loss in the radiative efficiency of a
quantum well (QW) formed in the immediate vicinity of the
oxidized surface of the semiconductor siructure, has been the
object of recent investigations.'™® Such phenomena are of
some importance in the optical and transport behavior of a
variety of nanometric structures and devices, where the small
separation among the parts leads to appreciable interaction of
the well states among themselves and with nearby states at
surfaces and interfaces.

Tunneling from QWs to surface states, followed by rapid
nonradiative recombination, is a process that, for a high-
quality barrier material, e.g., Al;3Gay,As in Ref. 3, sets on
very sharply for surface-barrier thickness b~120 A, making
the optical emission from the well virtually equal to zero for
b less than 50 A. For defected barriers, e.g., lattice-
mismatched QWs,*’ tunneling can initiate for thicker surface
barriers, probably due to multistep processes capable of re-
laxing the condition that the quantum levels in the well be
aligned with the appropriate SS for tunneling to take place
(multistep tunneling cannot be ruled out, of course, even in
high-quality barrier material).

The QW-t0-SS tunneling mechanism resembles to some
extent the one known for asymmetric double QWSs
(ADQW).2"'* At high excitation,”'® a large enough steady-
state carrier density becomes available in the QWs, so as to
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permit accumulation of the faster tunneling electrons in the
wider well, with development of a dipole field across the
barrier. The dipole layer adjusts itself so as to oppose ¢lec-
tron funneling and favor hole tunneling to a final ambipolar
regime. A recent work demonstrates the importance of an
electric field in controlling the tunneling mechanism by
means of experiments done under external bias."

The well-to-surface tunneling mechanism is less
straightforward; as a consequence, although in nanodevices
it may have great importance, it has not received equal at-
tention. There are of course some close similarities. For in-
stance, a self-consistent quantum calculation,'® based on a
modetl distribution of SS and an infinite surface recombina-
tion velocity, proves that charge accumulation in the surface
states occurs, to warrant equal electron and hole tunneling
currents, which implies fields of order 10° V/cm. The basic
difference from well-to-well tunneling is that the concentra-
tion of states where electrons and holes tunnel can be very
different for the two carriers.

The rate eguations for recombination via excitons in
QWs are (taking different initial state for tunneling and re-
combination, as the experiment will later demonstrate):

dn .
E =G—Jnmn’e—F, (la)
dp

:i—t_ =G—Jtunn,h_F3 (1b)
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dr

ar =F = v/ Trecomb (1c)
where n, p, and v are the ¢lectron, hole, and exciton numbers
per unit area at time £, respectively, G the generation current
density, F the exciton formation current, 7.,y the recom-
bination time, and Jyun e = 2/ Tumnes Junnp = P/ Tounns the
tunneling currents, with 7y, . and 7y, the corresponding
characteristic times, inclusive of the quantum mechanical
tunneling time and of the SS densities available to electrons
and holes, respectively. Equations (l1a), (1b), written for
steady-state conditions, give

n/ Ttonm,e — P / Ttunn,h =J tunn » (2)

i.e., a single value for the electron and hole tunneling current
(ambipolar tunneling). For this to be possible, as 7y, . and
Tunn,k 2r€ in principle different, the steady-state density of
electrons 7 and holes p in QW1 must be correspondingly
unequal. This is what gives origin to dipole charge accumu-
lation and an electric field across the barrier. The field, in
turn, affects the tunneling time of carriers in opposite ways,
favoring the slower ones, so that a detailed-balance condition
is finally reached (this being, of course, a function of the
excitation Jevel in the well). It is worthwhile noting that the
effects of tunneling and field buildup are related, but for the
latter to occur tunneling of one carrier alone is sufficient. If it
were possible to passivate only SS available for tunneling of
one type of carrier, ¢.g., the electron, under optical pumping
of the well, surface recombination would be blocked, but a
dipole field across the barrier would develop anyway.!®

The purpose of the present work is to analyze the tun-
neling mechanism that causes short circuiting of radiative
recombination in the AlGaAs/GaAs near-surface QW, and to
prove that it does not imply tunneling of the exciton as a
whole, but rather separate electron and hole processes. We
intend to bring support, through study of the dependence of
tunneling on optical excitation in the near-surface QW and
on the passivation of surface defects by hydrogen, to our
model' predicting charge buildup in surface states to war-
rant ambipolar tunneling, and to the advanced unified defect
model (AUDM) for the AlGaAs/oxide interface, based on a
dominant As-antisite defect, which pins the surface Fermi
level ~0.75 eV above valence band.

In Sec. II we describe the experimental approach based
on the investigation of QWs separated from the surface by
barriers of varying thickness. Both continuous wave (cw)
and time-resolved photoluminescence {PL) spectra will be
measured near liquid-helium temperature, with the laser
power density varied over several orders of magnitude. Sec-
tion III is devoted to the experimental spectra and to the
derivation of the relevant parameters. In Sec. IV we discuss
the experimental data, confirming the blocking effect of hy-
drogen on surface recombination, with the persistence, how-
ever, of the field-induced red shift of the QW excitonic emis-
sion upon increasing excitation. The ensemble of the results
indicates that tunneling to surface states, as internally pro-
duced by the presence of near-surface quantum wells, is a
promising alternative tool for the investigation of surface and
interface properties.
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TABLE L. Set of samples used in the experiment (in the sample name, the
number represents the surface-barrier thickness b, V stands for virgin, H for
hydrogenated). The given values of 7, and Thecay » TESPectively, the PL rise
and the decay times, correspond to an average pulse power ~10° W/em?,

Barrier
Sample thickness H-dose Trise Tdecay
pame b (A) ions/em? (ps) (ps)
350V 350 e 70 125
80V 80 e 90 140
60V 60 oo 50 150
3o0v 30 o 50 110
120H° 120 10'® 90 130

*Hydrogenated sample with nonradiative centers in QW1 fully passivated
due to in-diffusion of H over a 10-month aging period.

JIl. EXPERIMENT

The starting structure comprises two Al ;Gaj7As/GaAs
QWs grown on a nonintentionally doped (100) GaAs sub-
strate by molecular beam epitaxy (MBE). Due to residual C
impurities, both GaAs and AlGaAs are lightly p-type doped.
An upper QW (called hereafter QW1), 60 A in width, is
separated from the surface by a 350-A-thick AlGaAs layer. A
second QW (called hereafter QW2), 100 A in width, is sepa-
rated from QW1 by a 3500 A AlGaAs layer. The deeply
embedded well is insensitive to surface states and is used as
a reference for normalization of luminescence intensity, so as
to minimize small inhomogeneity effects in samples cut from
the same wafer. Different pieces of material were then etched
in an appropriate citric-acid/hydrogen-peroxide solution in
order to achieve surface-barrier thicknesses that appeared of
particular significance: (1) 80 A, where the exciton recombi-
nation current and the tunneling current were in the ratio
~1:1; (2) 60 A, ratio ~1:10; and (3) 30 A, ratio ~1:100. The
above surface-barrier thicknesses were estimated approxi-
mately by interpolating, for equal excitation levels, the emis-
sion vs surface barrier curve published earlier for the same
materials structure.? After etching, prior to measurements the
samples were exposed to air in order to grow an oxide layer.
For a useful comparison, two more samples were investi-
gated along with the newly produced ones: (4) a 120-A-thick
barrier hydrogenated sample, showing no tunneling effects
and the highest radiative efficiency among all explored
samples;® and (5) a 350-A-thick barrier sample, used as a
standard reference, which presents no evidence of interaction
between QW1 and surface states.

The first four samples were derived from a single initial
chip, split into very small parts. The last sample, coming
from a different zone of the same wafer, did not present
strictly identical spectral characteristics, its el-Ak1 free-
exciton emission in QW1 being accompanied by a weak
bound-exciton shoulder at lower energy. Since such discrep-
ancies were reasonably well reproduced in the emission of
QW?2, the integrated normalized QW1/QW2 photolumines-
cence (called hereafter NPL) virtually cancels any effect of
wafer inhomogeneities. A summary of the characteristics of
the investigated samples, and their labels used in the text, is
given in Table I, along with the main parameters to be de-
duced later from the analysis of the experimental data,
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FIG. 1. Normalized cw photoluminescence NPL from the el-hh1 exciton
in QW1 for samples with different surface-barrier thickness (given in Aby
the number in sample name) as a function of excitation power density. H
stands for hydrogenated sample, V for virgin, naturally oxidized sample.
The data for sample 30V have been amplified ten times.

cw-PL. measurements were carried out at liquid-helium
temperature, using a Ti-sapphire laser to avoid carrier gen-
eration in the AlGaAs barrier material (excitation wavelength
7000 A, vs 6300 A corresponding to the Aly;Gag,As band
gap). Spectra of emitted radiation corresponding to the el-
hh1 excitonic transition in both the near-surface QW1 and
the deeply embedded QW2 were analyzed by means of a
GaAs-cathode photomultiplier. The data are mostly given in
the normalized form, i.e., ratio between the integrated emis-
sions from QW1 and QW2,

PL rise and decay times at the peak of the el-hh1 ex-
citon emission band were measured by pumping with a dye
laser (excitation wavelength between 7300 and 7650 A),
which generated 6-ps-long pulses with a repetition rate of 76
MHz; a streak camera was used for detection.

Hydrogenation of the material was achieved at room
temperature with a Kaufman jon source, operated at 100 eV
with a diameter of the jon beam uniform over the sample
area. The current density was of order 10 uA/em?. The back-
ground pressure of the chamber was ~107® mbar and the
total pressure, after introduction of H, ~4,10"* mbar, with a
H-ion flow of ~60 standard cubic centimeters per second.
The total H-ion dose impinging on the sample surface was
estimated by monitoring the current and carefully reproduced
(this dose is of course much larger than the actual number of
incorporated particles).

lil. RESULTS
A. cw photoluminescence

NPL, normalized cw photoluminescence, of the various
samples is shown in Fig. 1 as a function of laser power
density. We see that the no tunneling, hydrogenated sample
120H, which has also undergone full passivation of deep
defect centers inside QW1 because of H in-diffusion during
aging,® has the highest radiative efficiency, comparatively
constant with power density. The recombination time Tyecomp
in this case is virtually coincident with the radiative lifetime
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FIG. 2. Virgin sample 60V (60-A-thick surface barrier): separate plot, vs
power density P, of the integrated e1-Ah1 excitonic emissions from QW1
(slope 1.3 in the low-power range) and QW2 (slope 1 throughout).

T,.1- The radiative efficiency of the reference sample 350V,
not interacting with the surface,’ is only slightly lower than
the above.

Samples 80V, 60V, and 30V, in the order, present an
increasingly lower NPL signal, and also a more marked de-
pendence on laser power. This effect is entirely ascribable to
QW1, as illustrated in Fig. 2, where the integrated emissions
of QW1 and QW2 of sample 60V are separately plotted to
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FIG. 3. cw-PL spectral emission of the ¢1-kA1 exciton in QW1 for virgin
sample 60V and hydrogenated sample 120H, for medium-low and high laser
excitation. Despite the absence of tunneling in the latter case, the red shift
and the line broadening for increasing power are virtually equal for the two
samples.
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FIG. 4. (a) Shift of the energy position for the el-2k1 excitonic peak in
QW1 of virgin samples as a function of laser power density P. The shift is
observed also in the hydrogenated sample 120H, having no ambipolar tun-
neling and surface recombination, but not in the deeply embedded QW2,
shown for comparison. (b} Full width at half maximum (FWHM) of the
el-hhl excitonic peak in OW1 of virgin samples as a function of laser
power density P. The behaviors of QW1 and QW2 in sample 120H are
shown for comparison.

demonstrate the strict linearity of the latter against the re-
markable superlinearity of the former in the low-power range
and the bending over at high excitation.

The ratio between the normalized ambipolar tunneling
current to surface states

NJ tun= NPL; 2957~ NPL (3)

and the normalized recombination current NPL in QW1
changes from about 1 to 100, in going from sample 80V to
sample 30V. Due to the complex interplay between available
states for tunneling, and the insurgence of an electric field
across the surface barrier, with unequal populations of elec-
trons and holes in OWI, the power dependence of the tun-
neling current is not the same for low and high values of
surface-barrier thickness. Note that for high tunneling effi-
ciency, samples 30V and 60V, small changes in tunneling
show up as large variations in QW1 radjative emission, in-
dicative of the high sensitivity of the method.

The development of an electric field across the barrier,
and its tailing in QW1, is proven by the experimental obser-
vation of a red shift of the e1-hk1 excitonic recombination
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peak, due to the quantum confined Stark effect,’” and its
gradual broadening with increasing excitation inside the
well. This is illustrated in Figs. 3 and 4(a), 4(b). All samples
with a near-surface well, including 120H, the passivated one,
present a shift increasing more or less linearly with the loga-
rithmic power density. The shift is larger for samples with
stronger tunneling, seeming particularly important for
sample 30V. QW1 in reference sample 350V (not shown)
presents no shitt, nor does QW2 in any of the samples [see,
as a typical example, QW2 for sample 120H in Fig. 4(a)].
Figure 4(b) illustrates the simultaneous effect of line broad-
ening, which again is nearly absent in sample 350V (not
shown) and in all QW2s (see again sample 120H).

From Egs. (1) in steady-state conditions (i=1,2 is the
QW index),

Fi=G;=J; nm, (4a)
Vi=F T} recomb » (4b)
with F, =G, and J 5, =0. It follows, for the PL intensities,
PL;=k;vi/ T; 1aa= Ky Ti secomb! Ti,rad » (4c)

where k; accounts for the detection efficiency due to the
experimental configuration. From Eqs. (4), we obtain, for
T recomb™ T2rag a0 G1=G,=(, and putting F{=F,

NPL:PLI/PL'.!: (kl Tl,recomb)/(k2 | ,rad)F/(}- (4d)

The exciton formation current F, relative to the e-A pair
generation current G, is shown in Fig. 5. The strong drop in
NPL when the barrier thickness is reduced results either from
the decrease in exciton formation current F, or the decrease
in exciton recombination efficiency, caused by tunneling
to SS.

B. Time-resolved photoluminescence

The decay time 7y, for excited carriers in QW1 has
been measured directly by time-resolved PL, using typically
an excitation wavelength of 7560 A and always tuning the
monochromator at the peak of the el-hh1 excitonic transi-
tion. Typical time-resolved profiles for the various samples

350v

—— g
[ - —e . — —a—
- B == ="~ =

10°

T

P
_g~- 8-~

80V

~g-8-"8-po

?

T

P RN

107 aov._’,*' ~.

F/G

A_ =7000A
exc
T=5K

30v @/"*W"\\

I s sl sl

T T

107

T

10° 10! 102 10°
P(W/cm?)

—r
o

FIG. 5. Formation current F of recombining excitons, in units of G, for
virgin samples of different surface-barrier thickness, as a function of laser
power-density .
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tonic peak, in virgin samples of varying surface-barricr thickness and, for
comparison, in the hydrogenated sample 120H. The rise and decay times
shown are given in ps.

are shown in Fig. 6. The power dependence of the rise and
decay times, as determined through fittings of the curves in
Fig. 6 by a function B [exp(—t/Tyca,) —€XP(—1/Tise) ], 18
given in Figs. 7(a) and 7(b); typical values are also listed in
Table L It is worthwhile anticipating here (see discussion in
Sec. IV C) (i) that the exciton decay time is virtually inde-
pendent of the occurrence of tunneling, which means that the
exciton as a whole does not tunnel and that the drop in NPL
is due to the decrease in exciton formation current F; (ii) that
the attainment of the maximum exciton emission occurs with
a remarkable delay with respect to the laser pulse (not an
instrumental effect, since observed risetimes span over a
wide range).

C. Passivation by hydrogen

After samples were studied in their virgin form, they
were exposed to room-temperature hydrogen treatment. For
an impinging dose of 10" c¢cm ™3, no important change in
behavior was observed. For a higher dose, namely, 4x10'*
cm 3, QW1 of samples 80V and 60V shows a very good
recovery of its radiative efficiency, confirming earlier
results.” Emission from sample 30V, instead, remains very
low. Tt appears as if the conditions of the oxide, thickness,
presence of defects, etc., play a basic role in determining the
passivation of interface defects. Further detailed analysis is
in progress and will be reported in a forthcoming paper.

V. DISCUSSION
A. Surface-state distribution

The dramatic drop in cw-PL reported in Ref. 3 for thin
barriers, a factor 100 over a factor 3 in surface-barrier thick-
ness (we recall that pumping occurs only in the QWs), is
immediately indicative of a tunneling mechanism.

Let us consider the widely accepted picture for the dis-
tribution of surface states in oxidized GuAs surfaces (ad-
vanced unified defect model, AUDM)," believed to hold
also for GaAlAs, The natural oxidation of the surface does
create, at the interface, an extended layer of heavily dis-
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FIG. 7. (a) Risc time of the ¢1-kh1 fundamental exciton level, in virgin
samples of varying surface-barrier thickness and in hydrogenated sample
120H, as a function of average laser-pulse power. (b) Decay time of the
el-hh1 fundamental exciton level, in virgin samples of varying surface-
barrier thickness and in hydrogenated sample 120H, as a function of average
laser-pulse power. Data in (a) and (b) are deduced from best fittings of
curves in Fig. 6 in terms of the difference of two exponentials, and are
known with an uncertainty of 10 ps. {A.=7560 A, T=10 K),

rupted material,'® where surface-like states are possibly
found at all energies, somewhat reminiscent of the case of
amorphous GaAs. Nevertheless, the defect with the highest
concentration is believed to be!®**! antisite arsenic Asg, , a
double donor with one level (neutral, D%/D7*) at ~0.75 eV
above the valence band and one (singly charged, D*/D>")
at ~0.5 eV above the valence band.”>> In an oxidized sur-
face, the Asg, defect is dominant as a consequence of the
initial formation of the thermodynamically unstable® oxide
As,0; and of the ensuing reaction®’

A5203 +2GaAs—4As+ G'dzOB.

Experiments show that the energy of such levels is the same
in AlGaAs, and independent of Al concentration,

The surface conceivably presents a certain number of
compensating antisite Ga,, centers, double acceptors in the
bulk material with a level at 0.08 (neutral) and 0.2 eV (singly
charged).”® All the above defect levels, due to the highly
disordered character of the interfacial region, are expected to

Emiliani et al.

Downloaded 07 Dec 2004 to 141.108.19.15. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



AlGaAs GaAs AlGaAs
Energy C.B.
Er
0.75eVv I} VE.
| 0.5
e ] ! .
1 ]
} 3
i 1
[Elemic field [ [
(3) b SN Ny AN
r4
C.B.
Energy
Erh V.B.
:
I
i
1
)
e - '
SoocEleetric \\\—,
(o) Wl TR _
r4

FIG. 8. (a) Scheme of the band structure and density of surface states for the
near-surface QW structure (OW1) in equilibrium conditions. Continuous
exponential Urbach tails extend into the gap. The surface Fermi level E F is
pinned within the upper band of the As-antisite defect. The net charge in SS
is positive. The electric-field profile is also shown (ficld value of order 10*
V/em). (b) Scheme of the band structure, density of surface states, quasi-
Fermi levels, and electric-field profile under high cw excitation of QW1.
The field in the barrier is of order 107 Vom. The field below QW1 is
virtually screened,

be spread in energy over a few tenths of an eV, the Ga,,
doublet showing up probably as a single band, very close to
the valence states.

By pinning the Fermi level within the upper band of the
Asg, defect,” we have the schematic equilibrium condition
shown in Fig. 8(a), where the bulk Fermi level has been
taken, at liquid-He temperature, near the top of the valence
band, as for a residual p doping with carbon, and the band
tilting extends all the way to the other end of the (nearly
insulating) AlGaAs structure. In such conditions, the value of
the equilibrium electric field is at most 2X10* V/cm, corre-
sponding to a net positive charge in SS ~1.5x10" cm ™2
This would cause only a small potential drop over the sur-
face barrier, in our case <100 A. The 241 level in the QWis
lined up, therefore, with a high-density quasi continuum of
states containing electrons where, under pumping, holes can
tunnel [see Fig. 8(b)].

Contrary to holes, Fig. 8(b) shows that electrons do not
have an easy path to reach the main recombination level, i.e.,
the Asg, defect: from the el state, they must first tunnel to
surface or barrier states of low density, possibly to the
conduction-band continuum, then decay to the deep Asg,

J. Appl. Phys., Vol. 75, No. 10, 15 May 1994

bands. In the present picture, the holes are therefore the
“easy™ carriers, the tunneling current being limited by the
behavior of electrons.

In spite of the nearly infinite surface recombination ve-
locity, which makes the quasi-Fermi leve] for electrons at the
surface remain close to its equilibrium position, the quasi-
Fermi level for holes is gradually lowered when pumping in
QW1 is increased, with consequent enhancement of the posi-
tive charge in surface states. To explain the superlincar ra-
diative recombination in QW1, illustrated in Figs. 1 and 2 at
low power, we must admit that this process is accompanied
by an initial reduction of the available states for tunneling,
either for holes or for electrons, or for both.

In an analogous but opposite way, the large drop in PL
occurring at pumping power densities above 40 W/em?, very
conspicuous in the high-tunneling 30V sample, can be as-
cribed to an increase in tunneling current, possibly due [see
Fig. 8(b)] to the narrowing of the triangular barrier for elec-
trons to tunnel into conduction-band levels, forbidden in
principle, but experimentally observed.!! Instead, an expla-
nation in terms of lengthening of the radiative lifetime, due
to quantum confined Stark effect, is to be ruled out because
in narrow wells the effect is hardly detectable,?® as confirmed
by our own decay time data in Fig. 7(b). A more detailed
understanding of the tunneling mechanism will come from
the discussion of time-resolved spectra in Sec. IV C.

In light of what follows, it is important to stress that the
absence of steady-state tunneling in sample 120H is strictly a
consequence of the hydrogen treatment. Prior to hydrogena-
tion, but also after annealing in vacuum at about 300 °C, it
gave clearcut evidence of ambipolar tunneling cffects.>®

B. The field profile

Let us discuss in more detail the magnitude and the be-
havior of the electric field that builds up across the surface
barrier under optical pumping, with tailing inside QW1. Fig-
ures 4(a) and 4(b) indicate that the field magnitude is con-
trolled by the generation rate of carriers in QW1, though the
tunneling rate also comes into play (for equal pumping, the
red shift and the broadening increase monotonically in going
from sample 120H, no tunneling, to 30V, highest tunneling).
It is important to stress that the shift always has the same
sign, suggesting that the field does not invert from the initial
condition [Fig. 8(a)], simply getting larger and larger with
pumping. This is a further argument in support of the starting
idea that the tunpeling probability is nominally higher for
holes. '

To make some estimates, let us fix the attention on
sample 60V, with 90% of the total recombination occurring
at the surface. The-maximum shift AE, observed in the PL
emission peak is about 2 meV, see Fig. 4(a). For an empirical
relationship, grossly deduced from data in Ref. 28,
AE,=CLJE*?, where C=4.1x10"" meV A™3 (V/em) ¥,
L is the well width, and £ is the field, this shift corresponds
to a niean electric field in QW1 of about 8X10* V/cm. The
largest full width at half maximum (FWHM), more than 5
meV [see Fig. 4(b)], gives a measure of the field nonunifor-
mity inside the well, due to photocarrier screening, with a
peak value at the well boundary, and therefore inside the
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FIG. 9. Plot of the time-integrated emission of QW1 from data of Fig. 6, for
three values of average laser-pulse power P. The abscissa is the surface-
barrier thickness. A close correspondence is found with the energy-
integrated cw-PL data.

barrier, roughly equal to 1.3x10° V/cm, i.e., almost twice the
mean value. The field profile is schematically shown in Fig.
8(b). For a 60-A-thick barrier, the potential drop across it is
only of order 0.1 eV at the highest field achieved, even less
for a thinner barrier.

The above figures are quite consistent with an estimate
of the Debye length in the well. The field across the barrier,
#=1.3X%10° V/cm, corresponds to a density of charged sur-
face states N =&ee/g=1 x10'2 cm ™2 An equal density
of mobile carriers of opposite sign is present in the well, and
is attracted to the surface-barrier boundary. The excited
steady-state carrier pairs in the well, for power of 400 W/em?
and a 1% light absorption in the well,” is ~10° cm ™ even
for the largest PL lifetime observed. Therefore the Debye
length at 5 K is determined by the magnitude of N and is
equal to 5 A, quite smaller than the width of QW1. Due to
the orders-of-magnitude lower number of holes present in
the well, the field in the AlGaAs layer below QW1 is almost
fully screened, as illustrated in Fig. 8(b).

C. Decay-time measurements: ambipolar tunneling

The rise and decay times of the excitonic el-hh1 line,
respectively shown in Figs. 7(a) and 7(b), shed light on the
details of the tunneling mechanism. The decay times are
nearly the same for all samples, spanning from 100 and 150
ps over the entire set of samples and measurements, irrespec-
tive of the amount of tunneling. This result is fully contrast-
ing with the behavior reported for ADQWs by Nido et al®
No particularly meaningful trend with power density is ob-
served. In spite of the nearly constant decay-time values for
the different samples, the emission intensity diminishes in
the same way as the cw-PL. This is illustrated for three val-
ues of power density in Fig. 9, where the data are plotted
versus surface-barrier thickness, and compared with the
energy-integrated cw emission from QW1.

This behavior demonstrates three fundamental facts:

(i) Tunneling out of QW1 must take place, otherwise
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FIG. 10. Scheme of competing mechanisms of electron tunneling to surface
states and excitonic recombination in QW1. The thermalization time of free
CATTIers Ty is assumed to be much shorter than both 7o, , the time for an
electron fo fall in an excitonic state capable of recombination, and 7y,, , the
tunneling lifetime.

transient radiative recombination would not drop sharply
when the barrier is made thinner, much in the same way as
cw-PL.

(ii) Tunneling to surface states occurs basically from the
free-carrier levels, i.e., prior to the formation of an excitonic
complex suitable to undergo recombination. Once electrons
and holes are bound in such a complex, they recombine ra-
diatively regardless of earlier decay channels that may have
been operating.

(iii) The required field for ambipolar tunneling does not
build up: an average 6-ps-long pulse power, e.g., of 5 x10°
W/cm?, generates 10° cm 2 e-h pairs inside the well. How-
ever, in the previous paragraph we have shown that, for am-
bipolar tunneling to occur, a three-orders-of-magnitude
larger carrier density is required.

We now wish to make a few additional considerations
about points (i) and (ii) above. We draw first, see Fig. 10, a
schematic picture of the recombination and tunneling mecha-
nisms. We know, on the basis of experiment, that the only
decay to the equilibrium state is radiative via the fundamen-
tal excitonic level (i.€., Trecomb™ Trad™ Taecay » the measured de-
cay time). A quantitative expression for the time-resolved
data of Figs. 6 and 9, far enough from the laser pulse, is of
type

I{£)=K NPL exp( — t/ Tgecay)>

where I(¢) is the emission intensity, K is a constant, NPL is
the normalized cw-PL, and 7yeq,y for all samples stays around
the value 130 ps, measured in sample 120H, where surface
recombination is absent. This would not be so, either if ap-
preciable tunneling of the exciton as a whole were possible,
or if excitons, after forming, could be reionized. The latter
process in a narrow QW is negligible even at ficlds ~10°
V/cm;*® on the other hand, experimental evidence that exci-
ton tunneling does not occur in ADQWs is available.”! This
is even more plausible for tunneling to surface states: dis-
crete exciton levels cannot exist in the vicinity of the surface,
the well-known ““dead layer™ of depth of order the classical
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exciton Bohr radius® (~130 A in AlGaAs, ie., larger than
alt tunneling barriers used in the present experiment). Recent
data, moreover, demonstrate that the behavior of excitons,
even in wider barriers, is well described by separate confine-
ment of electrons and holes, with subsequent inclusion of the
Coulomb jnteraction,™

D. Rise time

The problem of exciton formation and relaxation in a
GaAs QW has been thoroughly discussed in recent
papers.*’**=3° Formation times of the complex close to 20 ps
have been reported. However, Damen et al.*® have measured
PL. zero-to-peak times up to 300 ps, corresponding to rise
times of 100~-150 ps, the same as ours for no tunneling. The
effect was explained in terms of formation of excitons with
large total momentum K in times not larger than 20 ps (cor-
responding to motjon in the parallel planes), and subsequent
slow thermalization to the K=0 singlet state, the only one
where coupling with radiation can take place. We refer to
Roussignol et al.® for a detailed discussion of the excitation
energy and density dependence of the relaxation to the bot-
tom of the heavy-hole exciton band.

The rise times we report in Fig. 7(a) are deduced by
fitting the experimental data in Fig. 6 with the function B
[exp(—=1/Tyecay) —€xp{—t/Tye.)). In a separate publication!®
we will show that such a functional relation is quite appro-
priate in the limit for tunneling currents dominating over the
exciton formation current. If this is the case, the risetime is
given by [1/7ymne + 1/ Tianan] ™! In the opposite limit, tun-
neling currents negligible with respect to the exciton forma-
tion current, the above fitting function can still be employed,
but with a different meaning for 7;., which approaches the
value of Ty

This behavior compares quite well with the fitting results
shown in Table L In particular we have 73, <50 ps in highly
tunneling samples 30V and 60V, while 7, =1y, in samples
where radiative recombination is important.

E. Effect of hydrogenation

We recall that in cw-PL the electric field develops both
in samples that exhibit steady-state tunaeling and in the hy-
drogenated 120H no tunneling sample. This can be explained
by a passivation by hydrogen of only one kind of surface
defects, those responsible for tunneling of electrons. Holes
build up the dipole field, but surface recombination is
blocked.

Heavy H treatment of oxidized GaAs surfaces, in par-
ticular at high temperature, leads to removal of As*’3®
through the reaction™

12H +Ab:03“'?3}’120 + 2ASH3.

Actually, not only the hydrogen-treated area becomes As de-
ficient, but also contains minute Ga particles.® It is worth
mentioning that also experiments dealing with the clean
GaAs free surface indicate that hydrogenation tends to pro-
duce a highly disordered, Ga-rich surface region.**~* As
mentioned in Sec. III C, hydrogen passivation in our case is
done very mildly, at room temperature, with a minimal dose
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of low-energy ions (100 eV). The fact that hole tunneling is
hardly affected seems to rule out that removal of As, at least
from its antisite positions, is of some importance. An alter-
native explanation, whereby Asg, is removed but novel de-
fects related to excess Ga are equally effective in hole tun-
neling, seems less plausible (this is suggested by the notion
that, for sulphur treatments, Asg, is more efficiently passi-
vated than Ga,,, with inversion of their concentration ratio
and lowering of the Fermi-level pinning).'*?14

At low H doses, one might also consider the possibility
of the formation of a stable H-As-H complex at antisite-As
atoms, theoretically expected.* This would imply passiva-
tion for hole tunneling, since efficient deactivation by hydro-
gen of EL2 centers in the bulk is a well established result.*®
This mechanism lends itself to the same kind of criticism
applied above to the effect of As removal from the surface.

Finally, it is a safe fact that H blocks electron tunneling,
The surface band structure [Fig. 8(b)] does not present spe-
cific defects for them to tunnel to. Their getting to the surface
for recombination with holes at the Asg, defect is made pos-
sible through multiple-step processes via centers in the bar-
rier and/or at the surface. Residual shallow donors, next to
the bottom of the conduction band, are most likely to be
involved in such path. It is well known that many donors are
readily passivated by hydrogen, so this may be the cause for
the blocking of electron tunneling. The mechanism of differ-
ential passivation of surface states for electron and hole tun-
neling, however, is still far from being understood and this is
ground for more systematic investigation through different
surface treatments and annealing processes.

V. CONCLUSIONS

The main result of this investigation, where tunneling
from near-surface QWs to surface states in Aly,Gag,As/
GaAs multistructures is analyzed by monitoring the station-
ary and time-resolved radiative emission from the well under
a variety of experimental conditions, is a clearcut demonstra-
tion that tunneling occurs separately for electrons and holes
prior to their binding in the exciton complex which under-
goes radiative recombination. In stationary conditions, due to
the nominally different tunneling probabilities for the two
carriers, ambipolar tunneling is achieved by the onset of a
dipole electric field across the tunneling barrier, which tails
into the optically excited well, as demonstrated by the red
shift and the broadening of the excitonic e1-hh1 transition
in the near-surface QW. The results are consistent with a
picture of the surface-state distribution which favors hole
tunneling, despite their larger mass in the three-dimensional
material. The advanced unified defect model (AUDM), pro-
posed by Spicer’s group for oxidized GaAs surfaces, where
antisite-As donors pin the Fermi level and act as the domi-
nant hole-capturing surface defects, provides a very satisfac-
tory framework to explain the observations of the present
study. This suggests that carrier tunneling to surface defects
from QWs may be a promising alternative tool for surface
investigation, both in clean, naturally oxidized, and specially
treated surfaces and interfaces. Time-resolved photolumines-
cence spectra have also allowed a comparative study of the
two processes, formation of radiative excitons, basically oc-
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curring over times in the range 50-100 ps and ambipolar
tunneling, as well as a determination of the radiative recom-
bination time for the excifon state, falling around 130 ps for
all samples, irrespective of the surface-barrier thickness and
therefore of the amount of tunneling taking place. Under-
standing of the detailed mechanism of surface passivation by
hydrogen, though confirmed to be very efficient in the elimi-
nation of detrimental recombination at the surface, needs fur-
ther, much more focused, experimental research.
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