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Photocurrent spectroscopy of InAsÕGaAs self-assembled quantum dots
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Photocurrent~PC! spectroscopy is employed to study several important aspects of the interband optoelec-
tronic properties of InAs/GaAs self-assembled quantum dots~SAQDs!. PC spectroscopy is first shown to be a
highly sensitive, quantitative technique to measure the interband absorption spectra of SAQDs. Up to four
well-defined features are observed in the spectra arising from transitions between confined hole and electron
levels. The transition energies are shown to agree well with those observed in electroluminescence, with
negligible Stokes shifts found, contrary to previous reports. Large quantum-confined Stark shifts of the tran-
sitions are observed in PC spectroscopy as discussed in detail elsewhere@Fry et al. Phys. Rev. Lett.84, 733,
~2000!#. Discrete interband transitions are observed superimposed on a broad background signal, shown to
arise in part from field-dependent transitions into tail states of the two-dimensional wetting layer and the GaAs
cladding region. A field-independent contribution to the background is also found, possibly from dots with
larger size and shape fluctuations than those which give rise to the resolved interband transitions. By compari-
son of photocurrent signals from quantum dots and the wetting layer within the same sample, it is demonstrated
that the quantum-dot oscillator strength is not significantly modified relative to that of a quantum well of the
same surface area, consistent with performance found from quantum-dot laser devices. Polarization studies for
in-plane light propagation are reported. The measurements show that the observed interband transitions involve
predominantly heavy-hole-like levels, consistent with an assumption of theoretical modelling of Stark-effect
results. Finally carrier escape mechanisms from the dots are deduced, with tunneling found to dominate at low
temperature, and thermally activated escape becoming increasingly important at temperatures above;100 K.
Carrier escape is shown to occur from a common level, the ground state, demonstrating that excited-state to
ground-state relaxation is faster than direct excited-state escape.
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I. INTRODUCTION

In recent years InAs/GaAs self-assembled quantum d
have been the subject of intense interest as a result of
discrete, zero-dimensional electronic states,1 their excellent
optoelectronic quality, and their favorable characteristics
applications such as ultralow threshold lasers1 and memory
devices.2 Despite this, many questions regarding their el
tronic properties remain unanswered, due in part to the li
tations inherent in many of the spectroscopic techniques
ployed to date. In particular, absorption measurements w
provide fundamental information~energies, oscillator
strengths, polarizations, selection rules, etc.! on interband
optical transitions, and which are directly comparable to t
oretical predictions, have been very difficult to perform. To
large degree this is because the fractional absorption b
single layer of dots is very small (;1024– 1025). Since the
structural characteristics of successive layers dots are li
to differ,3 this difficulty is not easily overcome by growin
multiple-dot layers, as employed routinely to measu
quantum-well absorption spectra.4 Furthermore, photo-
luminescence-excitation spectroscopy, which has been
extensively to measure the properties of higher-dimensio
systems,5 does not reproduce absorption spectra directly,
instead reflects intradot relaxation features associated
the emission of multiple LO phonons.6,7 The only reports of
absorption spectra have been from direct transmission m
PRB 620163-1829/2000/62~24!/16784~8!/$15.00
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surements which required the use of extremely sensi
techniques with integration times of several hours per sc8

and from the very low-temperature technique of calorime
absorption spectroscopy, which appeared to yield broade
spectra.9

In this work we demonstrate that photocurrent~PC! spec-
troscopy is a direct, sensitive, and relatively simple te
nique to measure low-noise absorption spectra of quan
dots.10 The experiments are carried out inp-i-n ~or n-i-p!
diode structures, which permit electric fields up to;3
3105 V/cm to be applied to the dots. We have shown el
where that such studies allow the observation of stro
quantum-confined Stark effects, permitting detailed str
tural information on the dots to be deduced.11 Here we show
that studies as a function of electric field and temperature
able to reveal the relative importance of different carrier
cape mechanisms from the dots, enable polarized light s
troscopy to be performed, and permit the origin of the qu
tization, giving rise to the excited-state transitions to
deduced. The quantum-dot~QD! spectra exhibit up to four
features which are attributed to interband transitions betw
confined electron and hole states. The interband features
observed superimposed on a broad background spect
arising in part from band-tail absorption from the GaA
cladding/InAs wetting layer. We note that short-circuit P
measurements on InAs dots were reported recently by
et al.12 using an in-plane light propagation geometry. Qua
16 784 ©2000 The American Physical Society
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PRB 62 16 785PHOTOCURRENT SPECTROSCOPY OF InAs/GaAs . . .
tatively similar, but significantly less well-resolved spectra
those reported here were obtained.

The paper is organised in the following way. In Sec.
details of the samples and of the experimental techniques
described. This is followed in Sec. III A by the presentati
of normal-incidence photocurrent spectra for several diff
ent samples, from which it is shown that absorption spe
of the dots are measured and that absolute values for
absorption strengths can be deduced. In Sec. III B
electric-field dependence of the interband transitions and
broad underlying background is presented for samples w
and without dots. In Sec. III C, polarized spectra for in-pla
propagation are presented, and in Sec. III D we deduce
rier escape mechanisms from the dots. Finally in Sec. IV
summarize the main conclusions.

II. EXPERIMENT

All samples were fabricated using solid-source molecu
beam epitaxy on GaAs~001! substrates. Bothp-i-n ~p1 re-
gion uppermost! andn-i-p ~n1 region uppermost! were stud-
ied. Forp-i-n structures 250-nmn1-GaAs regions were firs
grown onn1 substrates followed by a 300–550-nm undop
GaAs intrinsic region. 2.4-ML-thick InAs quantum-dot lay
ers, grown by Stranski-Krastanow techniques at a temp
ture of 500 °C, were embedded in the center of the intrin
region. The intrinsic region was capped by a 300-nm-th
p1-GaAs contact layer. To enable electrical contact, circu
annular contact mesas of diameter 400mm were defined, and
the samples mounted and bonded on standard trans
headers. Reverse biasing results in an electric field of u
33105 V/cm oriented along the growth axis from substra
to surface.n-i-p structures were fabricated on semi-insulati
GaAs substrates by reversing the doping sequence in
buffer layer and the contact layers, thus enabling elec
fields to be applied in the opposite direction to that of t
p-i-n structures.

The band profile for a typicalp-i-n device is illustrated in
Fig. 1. For reverse applied bias, large electric fields could

FIG. 1. Schematic band diagram under reverse bias of ap-i-n
junction sample containing a single layer of quantum dots. An
terband absorption process is indicated, followed by carrier esc
either by tunneling or by thermal excitation, thus leading to
observed photocurrent signals. The strongly truncated quantum
shape employed in Ref. 11 to fit the observed Stark shift dat
shown. The electric-field direction indicated corresponds to reve
bias.
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applied in the intrinsic region with negligible dark curre
~,1 nA! through the device up to;10 V. Capacitance-
voltage measurements carried out on the structures sho
that the width of the intrinsic region width (Wi) remained
constant, equal to within 10% to the nominal growth wid
across the entire bias range studied. As a result it can
concluded that all the applied bias was dropped across
intrinsic region, and that the electric field~F! in the intrinsic
region is given by

F5~VA1Vbi!/Wi , ~1!

whereVA is the applied reverse bias andVbi is the built-in
potential of the diode~;1.5 V!.

Quantum dots grown under two distinct sets of grow
conditions were investigated. The first type was grown
;0.09 ML/s, leading to lens-shaped quantum dots of;3-nm
height and;15-nm base length, as evidenced from cro
sectional transmission electron microscopy~TEM! as shown
in Fig. 2~a!. From plan-view TEM the areal density wa
found to be 9.631010cm22. For the second dot type th
InAs was deposited at the slower rate of 0.01 ML/s. T
produced taller dots with an approximate height of 6 n
~base;18 nm!, as shown in Fig. 2~b!, and a lower areal do
density of 3.531010cm22.

The structural parameters of the samples studied are s
marized in Table I. Samples 2 and 3 were designed as l
structures, and contain additional 1.5-mm-thick Al0.6Ga0.4As
cladding layers either side of the GaAs intrinsic region. F
the growth of the cladding layers the growth temperature w
increased to;650 °C, resulting in some annealing of th
dots and a shift of their interband transitions to;100 meV
higher energy. Additionally, sample 3 contains five layers
quantum dots separated by GaAs spacer layers of thick
25 nm.

-
pe

ot
is
e

FIG. 2. Cross-sectional transmission electron micrographs
uncapped fast~a! and slow~b! growth rate quantum dots. The do
used for the photocurrent spectroscopy are capped by 1500
2500-Å GaAs.
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16 786 PRB 62P. W. FRYet al.
Photocurrent spectra were investigated using ac loc
techniques at;100 Hz, with the samples illuminated fo
most of the measurements in normal-incidence geometry
monochromated white light from a tungsten halogen lam
Low-intensity illumination of;3 mW cm22 was employed,
corresponding to dot occupancies!1, where the spectra ar
unperturbed by many carrier occupation effects.

III. RESULTS AND DISCUSSION

A. General aspects of photocurrent spectra and comparison
with electroluminescence

In this section we present PC spectra at zero applied
for several representative samples, and investigate how
spectra depend on factors such as areal density and nu
of dot layers. In Fig. 3~a!, we show PC spectra for sample
S1 ~fast growth! andS4 (S4 slow growth! at a temperature
of 300 K. The spectra consist of three (S1) or four (S4)
features arising from interband transitions in the QD’s,
perimposed on a broad background signal which stron
increases in intensity to higher energy. As indicated sc
matically in Fig. 1, electron-hole pairs created by interba
absorption escape from the dots and give rise to the m
sured photocurrent. The carrier escape mechanisms are
lyzed in detail in Sec. III D. However, for the moment, th
important point is that for zero applied bias at temperatu
.200 K ~the present experimental conditions! all carriers
created by interband absorption escape from the dots
contribute to the photocurrent. As a result it is expected t
the PC spectra provide a quantitative representation of
absorption spectra of the QD’s.

The expectation is supported by the results in Figs. 3~a!
and 3~b!. In Fig. 3~a! the magnitude of the PC signal for th
fast growth dots (S1) is found to be;3 times greater than
for the slow growth dots (S4), consistent with the;3 times
higher density of these dots. In Fig. 3~b!, we compare spectra
from samplesS2 andS3, fast growth dots containing one
and five-dot layers respectively. The five-dot sample w
grown with spacer layers of 25 nm, thus ensuring that th
is no electronic coupling between the successive dot lay
The PC spectra of the two samples are very similar in ove
form to those in Fig. 3~a!, with a series of interband trans
tions again observed. Most importantly the intensities of
transitions inS3 are, to a very good approximation, a fact

TABLE I.

Sample
number

Device
type

Total intrinsic
width Wi ~nm!

InAs deposition
rate ~ML/s!

No. of dot
layers/spacer
width ~nm!

1 p- i -n 500 0.09 1
2 n- i -p 525 0.087 1
3 n- i -p 550 0.087 5/25
4 p- i -n 300 0.01 1
5 p- i -n 300 0.01 1
6 n- i -p 300 0.01 1
7 p- i -n 300 0.09 Wetting layer

only
8 p- i -n 220 0.01 1
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of 5 stronger than those inS2, as seen from the close sim
larity in intensity between theS3 spectrum and the dotte
curve corresponding to theS2 spectrum multiplied by a fac
tor of 5. The results in Figs. 3~a! and 3~b! thus both demon-
strate that the PC signals are directly proportional to
number of quantum dots in the samples, and thus sug
strongly that true absorption spectra are being measured

Prior to the present work, nearly all interband spectra
InAs dots were obtained by emission~luminescence! spec-
troscopy, and have formed the basis for nearly all theoret
modeling of the electronic states. It is thus important to co
pare the PC spectra with emission spectra, and to determ
for example, whether the observed transition energies are
same. Such a comparison is shown in Fig. 3~a! where 300 K
low-current electroluminescence~EL! spectra13 for sample
S4 are compared with the PC from the same sample. V
good agreement between the ground state transition ene
in PC and EL is found, providing further support to the i
terpretation of the PC as arising from interband transitions
the dots. There has been another comparison of PC and
published recently by Chuet al.12 These authors found
~Stokes! shifts between EL and PC of;10–15 meV. This
behavior is possibly due to the larger linewidths in th
samples, leading to the possibility of selective carrier esc
from smaller dots in PC, resulting in a shift of the PC peak
higher energy than in EL.

As well as permitting the form of the absorption spec
of the QD’s to be deduced, PC spectroscopy also ena
absolute values for the absorption strength~A! of the QD
transitions to be deduced. Under conditions where all
photocreated carriers escape from the QD’s, and hence

FIG. 3. ~a! Photocurrent spectra at 300 K and zero applied b
for samplesS1 ~slow growth! and S4 ~fast growth!, showing 3
(S1) and four (S4) interband transitions. The ground-state pho
current signal from the fast-growth-rate dots is a factor of 3 stron
than for the low-growth-rate dots, consistent with the;3 times
higher density in these samples. Interband transitions are obse
superimposed on a broad background PC signal, strongly increa
to higher energy. A low current electroluminescence spectrum fr
sampleS4 is also shown in the upper part of the figure. The en
gies of the ground-state transitions are seen to agree well in EL
PC. ~b! Comparison of single-layer (S2) and five-layer (S3) dot
samples. The five-layer sample is seen to exhibit;5 times the PC
intensity of the single-layer sample.
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tribute to the PC signal, the magnitude of the photocurr
signal I is related to the total incident optical powerP at
frequencyv by

I 5APe/hv. ~2!

To determineI for the ground-state transition a~small!
linear background subtraction was performed to account
the background contribution~see Sec. III B! to the photocur-
rent.P was measured using a calibrated optical power me
and corrected for reflection losses at the cryostat windo
and at the air-semiconductor interface at the surface of
sample. Using this procedure we obtain peak values ofA for
ground-state transitions of (2.860.3)31024 for sample 1
and (8.761.2)31025 for sample 4. These values are in go
agreement with that reported by Warburtonet al. from direct
transmission spectroscopy,8 after taking into account the dif
ferent areal dot densities. As noted in Sec. I, the meas
ments of Ref. 8 required very long measurement times an
highly stable experimental system. By comparison, the
sorption spectra measured by PC are obtained by v
straightforward experimental techniques in typical measu
ment scans of 5–10 min. The main reason for the high s
sitivity of the PC techniques is that PC, unlike direct abso
tion, is a zero background technique, and furtherm
currents can very easily be measured with sub pA sensiti
~single-dot-layer photocurrents under our experimental c
ditions are;100 pA!. In Sec. II B, quantitative compariso
between the absorption strengths of dots and wetting la
in the same sample are made.

B. Electric-field dependence of spectra and broad
background photocurrent

A series of spectra for sampleS5 as a function of applied
bias from 0 to 6 V~electric fields from 50 to 250 kV/cm! at
a temperature of 200 K are shown in Fig. 4. A strong shift
the interband transitions to lower energy is observed du
the quantum confined Stark effect~see the inset to Fig. 4!.
The Stark shift results were discussed in detail el
where;11,14 the analysis is not repeated here. The main c
clusions reached were that the dots have a permanent d
moment, with a sign opposite to that predicted by all ac
rate theoretical modeling. By comparison with modeling
the strain distribution and electronic structure calculations
was shown that this result could only be explained if the d
had a severely truncated shape~see the schematic shape o
Fig 1!, and if the dots contained significant amounts of g
lium graded from base to apex. The best fit to the Stark s
data for samplesS5 andS6 is shown by the full line in the
inset to Fig. 4.

It is notable that at all biases the QD interband transitio
are superimposed on a broad background photocurrent
nal, as noted in Sec. III A, whose intensity increases stron
with increasing photon energy. Spectra for sampleS4 over a
wide spectral range, presented in Fig. 5, show that the br
background signal extends up to and beyond the photo
rent peak arising from transitions into the two-dimensio
wetting layer at 1.36 eV. It is also notable in Figs. 4 and
that the strength of the background signal in the 1.2–1.3
range increases markedly with increasing field applied to
sample.
t

r

r,
s
e

e-
a
-

ry
-

n-
-
e
ty
-

rs

f
to

-
-

ole
-
f
it
s

-
ift

s
ig-
ly

ad
r-
l

V
e

To investigate the origin of the background signal,
additional sample,S7, containing only the wetting layer bu
no quantum dots was investigated. This was achieved
depositing 1.5 ML of InAs during growth, before the trans
tion from two- to three-dimensional growth occurred. Wh
studied in photoluminescence~or electroluminescence!, this
sample showed only a wetting layer signal, with no char
teristic quantum dot features observable.

FIG. 4. Photocurrent spectra for sampleS5 as a function of
applied bias at a temperature of 200 K. A strong Stark shift to low
energy of the interband transitions is seen. At higher energy
background signal underlying the interband transitions is see
increase markedly in intensity with increasing bias, and to shif
lower energy. The inset shows the ground-state transition ener
for the consecutively grownp-i-n and n-i-p samples~samplesS5
and S6) as a function of electric field, together with a fit to th
theoretical model of Refs. 11 and 14.

FIG. 5. Photocurrent spectra for samplesS4 ~quantum dots plus
wetting layer! andS7 ~wetting layer only! from 1 to 1.35 eV~a! and
1.3 to 1.6 eV~b! at 300 K. The inset shows PC spectra for the d
and wetting layer for sampleS4. Spectra after subtraction of th
respective backgrounds are shown shaded.
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16 788 PRB 62P. W. FRYet al.
300-K PC spectra from this sample are shown in Fig
together with theS4 spectra for direct comparison, for bias
from 0 to 6 V. In the higher-energy range from 1.3 to 1.7 e
the spectra from the two samples are very similar, with cl
peaks from the wetting layer and from the GaAs cladd
being seen. From 1 to 1.3 eV the spectra from the t
samples are very different, as expected, with the well-defi
QD interband transitions being seen for sampleS4 only. We
now consider the bias dependence of the spectra. For
samples, the GaAs and wetting-layer~WL! signals are ob-
served to broaden markedly with bias, most likely due
Franz-Keldysh effects in the high electric fields applied~250
kV/cm at 6 V!.15 As a result of this field-induced broadenin
an increasingly strong tail of the WL/GaAs signals sprea
down into the dot region~1.1–1.3 eV! as greater reverse bia
is applied, clearly seen in Fig. 5. This tail gives rise to t
increasingly strong PC signal with bias above 1.2 eV in Fi
4 and 5. However, it is also clear from Fig. 5 that the W
GaAs band-edge tail does not account for the broad ba
ground underlying the lower-energy interband transitio
~below 1.2 eV!, whose strength remains essentially field
dependent up to the highest biases applied. The origin of
background underlying the lower-energy interband tran
tions thus remains unclear at the present time. A poss
explanation for this is that it arises from dots with large s
fluctuation which do not contribute to the well-resolved P
transitions, but instead contribute a broad background sig
An alternative speculative interpretation is that mixing b
tween the discrete dot levels and the surrounding electr
continuum gives rise to a smoothly varying background
derlying the discrete states.

It is interesting to note that a similar background sign
was reported in direct transmission measurements by W
burtonet al.8 and by Chuet al. in PC,12 and that a contribu-
tion from a continuous distribution of states to PL excitati
spectra of single dots was reported by Todaet al.,16 suggest-
ing that such features are a general characteristic of dot
sorption spectra. It is also notable that such a promin
background signal is not observed in emission~either EL or
photoluminescence! @see, e.g., Fig. 3~a!#. This suggests tha
carriers in these states have a low radiative efficiency, p
haps due to rapid relaxation to lower-energy states.12

Finally, in this subsection we directly compare the a
sorption strengths for the dots and the wetting layer in
same sample. Since the two types of signals both arise
significant background signals~particularly the wetting
layer!, we first carried out a background subtraction, p
formed by a linear interpolation of the background featu
between the high-and low-energy regions of the particu
signals, and then subtraction from the observed spectra.
results are shown in the inset of Fig. 5. A ratio of the in
grated intensities of dots to a wetting layer of 0.06 (1721) is
found. Within experimental errors this value is close to t
areal coverage of the dots in sampleS4 of 0.1. It can thus be
concluded that within experimental error there is no sign
cant modification of the oscillator strength for optical a
sorption in the dots compared to the wetting layer, in agr
ment with recent theoretical analysis,17 and as expected fo
dots with a lateral size on the order of the exciton Bo
radius. This conclusion is also in agreement with analysis
the modal gain in quantum-dot lasers~QDL’s! and compari-
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son with that in quantum-well lasers~QWL’s!, where it is
found that modal gains in QDL’s relative to QWL’s sca
approximately with the areal coverage of the dots.18

Similar quantum-dot wetting-layer comparisons were a
carried out for low-growth-rate samples, with a ratio of int
grated areas of 0.014 being found. This value is a facto
3.5 less than found for the fast-growth-sample above, con
tent with the factor of 3 lower dot density and the thre
times-smaller dot photocurrent for the slow-growth samp
discussed in Sec. III A; the dot-wetting-layer compariso
thus provide further support for the reliability of photocu
rent techniques for quantitative analysis of quantum-dot
sorption strengths.

C. Polarization-dependent spectra

In Sec. III A we showed that PC represents a direct me
to measure the absorption spectra of QD’s, and discussed
application of PC techniques to investigate the effects
applied electric fields on QD spectra. We now show that
can be used to investigate polarization-dependent prope
of QD’s for light propagating in the growth plane of th
layers.

The results were obtained on samplesS2 andS8, samples
grown with Al0.6Ga0.4As cladding layers, required to achiev
efficient in-plane light guiding. For these measurements
those in Sec. III D below, the light exiting the spectrome
was passed through a linear polarizer, and then into a po
ization rotator, which permitted light of any desired polariz
tion direction to be incident on the sample. Spectra are p
sented in Fig. 6 for light focused through a microsco
objective on to a cleaved edge of the sample for both
~electric vector in the plane of the QD’s! and TM ~electric
vector parallel to the growth direction! polarizations. For
both samples the spectra are observed to be strongly TE
larized~especially for sampleS8, where the TE spectra are

FIG. 6. Polarization-dependent spectra for in-plane propaga
for samplesS2 andS8 The spectra are observed to be strongly
polarized~electric vector in the plane of the layers!, as expected for
transitions involving predominantly heavy-hole-like valence-ba
states.
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factor of 6 stronger!. As mentioned briefly in Ref. 11, an
also in Ref. 12, this shows that the lowest energy states
predominantly heavy hole in character,19 an important as-
sumption of the theoretical modelling of Refs. 11 and 14

Polarization-dependent studies were also carried in
normal-incidence geometry of the previous sections. Ho
ever, no measurable in-plane polarization anisotropy
tween the@110#, @010#, and@2110# directions~@001# growth
direction! was found within our experimental accuracy
5%.

D. Carrier escape mechanisms

We now turn our attention to an analysis of the carr
escape mechanisms in quantum dots. As noted in Sec.
and indicated schematically in Fig. 1, electron-hole pairs c
ated by the interband absorption escape from the quan
dots are swept to the contacts, and give rise to the obse
photocurrent. In order to understand the nature of the esc
mechanisms, photocurrent spectra were recorded over a
range of temperature and electric field.

Figure 7~a! displays a series of spectra from sample
under zero applied bias~an electric field of 50 kV/cm! for
temperatures from 5 to 200 K. At 5 K there are no observ
able interband features arising from the quantum dots
weak signal being observed only at energies.1.25 eV, from
band-tail absorption of the wetting layer and GaAs cladd
regions, as discussed previously. Under these conditi
carriers created by optical absorption into QD’s cannot
cape, and instead undergo radiative recombination. As
temperature is raised to;120 K, well-defined but weak fea
tures appear in the spectrum. In the range 130–200 K
peaks become increasingly more intense with increas
temperature, reflecting the rising probability for carrier e
cape as the thermal energy increases; for these low ap

FIG. 7. ~a! Zero-bias photocurrent spectra for sampleS4 for
temperatures from 5 to 200 K. At a low bias of 0 V and for tem-
peratures less than;100 K, only very weak photocurrent signa
are observed from the interband QD transitions. For higher t
peratures all the interband transitions show the same strongly
mally activated behavior, indicating carrier escape from a comm
level. ~b! Photocurrent spectra for sampleS4 at 5 K as afunction of
reverse bias. The interband QD transitions only have signific
strength for reverse biases in excess of;1.5 V, showing the domi-
nance of tunneling escape at low temperature.
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fields, carrier escape from the dots by thermal activation
thus only significant for temperatures*120 K. For tempera-
tures above 200 K, no further change in the magnitude of
photocurrent is observed, showing that under conditions
zero applied bias all photoexcited carriers escape from
dots and contribute to the photocurrent, and thus that the
provides a true representation of the absorption spectra o
dots.

It is notable that the PC spectra for ground and excit
state transitions all show the same temperature depende
This indicates that following interband excitation, therma
activated escape always occurs from the same confined
ergy levels~the electron-hole ground states!, and thus that
the relaxation rate from excited to ground states (;3
31011sec21) ~Ref. 20! is faster than any competing therm
or tunneling escape rates.

The conclusion that the excited- to ground-state relaxa
is faster than any excited-state tunneling rate provides
dence for the origin of the quantization, which gives rise
the excited to ground-state energy splittings, and for the
ture of the excited-state wave functions. The electron a
hole ground-state wave functions are expected to have
nodes in both vertical and lateral directions, with the dom
nant energy upshift arising from quantization in the~small!
vertical direction.21 The observation that the relaxation ra
from excited to ground states is faster than any excited-s
tunneling rates shows that excited states must have app
mately the same vertical extent as the ground state,
hence that the excited-state–ground-state splittings m
arise from predominantly lateral quantization. If, instead,
excited-state wave functions were more extended in the
tical ~z! direction than the ground state~i.e., were the second
confined levels in thez direction!, tunnel escape from thes
levels would be expected to dominate. Using Wentz
Kramers-Brillouin~WKB! methods, we estimate very rapi
tunneling rates of.1012sec21 for a z-like excited state of an
ionization energy of 50 meV even for electric fields of le
than 50 kV/cm,22 very much faster than the relaxation rate
;331011sec21. This conclusion regarding the lateral qua
tization origin of the excited states is consistent with th
obtained in Ref. 11 from the observation of identical Sta
shifts for all the QD interband transitions.

In Fig. 7~b!, spectra are presented as a function of b
(VA), at a low temperature of 5 K where there is no escap
by thermal excitation. As in Fig. 7~a! (T,100 K) at low bias
~,0.5 V, electric field,65 kV/cm!, only the band-tail signal
from the wetting layer/GaAs interface is observed. With
creasing bias, the well-defined interband transitions beco
increasingly prominent, and reach their full intensity for b
ases greater than 3 V~fields. 150 kV/cm! when all carriers
escape from the dots. This behavior is consistent with t
neling being the dominant carrier escape mechanism f
the dots at low temperature, with carrier escape again oc
ring from a common level~the ground state!,23 since all the
interband transitions show the same bias dependence~as dis-
cussed above for the temperature-dependent behavior!. Simi-
lar to the discussion of the temperature-dependent d
above, this result shows that excited-state–ground-state s
tings arise predominantly from lateral quantization, since
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the excited-state wave functions were more extended a
the growth direction~i.e., were due to additional vertica
quantization!, tunneling from these states would be ve
rapid and the transitions starting from high-energy wo
appear successively with increasing bias, contrary to exp
ment.

The interband PC signals are expected to reach their
intensity with increasing field when the tunneling time of t
carriers which can tunnel most rapidly from the dots b
comes less than the radiative recombination time~;1 ns!.24

WKB estimates of tunneling times show that for a field
;50 kV/cm, when tunneling is first observed, ground-st
tunneling times are expected to be in the range 1–10 nse
electrons, and many orders of magnitude greater for he
holes due to the.5 times higher hole mass.25,26 Such esti-
mates~probably only accurate to within an order of magn
tude! are well known to be highly sensitive to input param
eters~carrier masses, band offsets, etc.!. They nevertheless
are consistent with the conclusion that the photocurrent
nal becomes observable at low temperature when elec
tunneling from the wells occurs. The small decrease of
features with bias forVA.3 V is due to field-induced reduc
tion of the transition oscillator strength as the electron-h
overlap decreases in high field, as discussed in Ref. 11.

The results of Figs. 7~a! and 7~b! are presented mor
quantitatively in Fig. 8 on an Arrhenius plot of ground-sta
transition intensities against 1/T, for biases between 0 and
V. At low bias ~0 V! a reasonable straight-line behavior
found on the Arrhenius plots, in the regime where therm
activation was concluded above to be the dominant esc
mechanism. For biases>0.5 V, the Arrhenius plots becom
increasingly nonlinear with decreasing average slopes, u

FIG. 8. Arrhenius plots of ground-state photocurrent intensi
for sampleS4 at reverse biases from 0 to 2 V. From the slope of
0-V results, where thermal escape dominates, an activation en
of 130 meV is deduced. With increasing bias the slopes of
~nonexponential! Arrhenius plots decrease as tunneling becomes
creasingly important, until at 2 V the escape becomes temperatu
independent.
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at 2 V the temperature dependence is very small as tunne
becomes the dominant escape mechanism. A thermal ac
tion energy of 95620 meV is obtained from the slope of th
0-V data. This value is significantly less than the estima
energy separations (DEs) between the dot ground electro
and hole levels and their respective band edges of;200
meV.21,27 The agreement with theory is improved somewh
if comparison is made with the energy separation from
ground state to wetting layer when the calculated excitat
energies are reduced by about 30 meV~Ref. 27! to ;170
meV, closer to the experimental values particularly when o
allows for the possibility of band tail conduction in the we
ting layer ~see Sec. III B!, and for possible uncertainties i
the theoretical values forDEs . It is also worth pointing out
that our experimental value is in very good agreement w
that found in the deep-level transient spectroscopy exp
ments of Kapteynet al.28 where an electron thermal activa
tion energy of 95 meV was reported fromn-type devices
containing QD’s with similar photoluminescence emissi
energies to those in the present work, the authors invokin
two-step excitation process to explain the rather low o
served activation energy.

IV. CONCLUSIONS

Photocurrent spectroscopy has been shown to be a di
versatile, and precise experimental technique for measu
absorption spectra of quantum dots. Comparison of spe
from samples grown under differing growth conditions, a
with differing numbers of dot layers in the samples, ha
established that true absorption spectra are measured at
peratures>200 K. The dot transitions are observed to
superimposed on a broad background signal whose inten
increases strongly to higher photon energy. By compari
with spectra from a sample containing only the wetting lay
and no dots, the broad background has been shown to
in part from field-dependent transitions into tail states of
wetting layer or of the GaAs barriers, as well as a fie
independent part of less certain origin. The field-independ
part is suggested to arise either from a broad backgro
distribution of dots, or perhaps from mixing between t
discrete dot levels and continuum states of the surround
GaAs. For light propagating in the plane of the samples,
transitions have been shown to be predominantly in-pl
polarized, consistent with a major assumption of theoret
Stark effect modeling. Finally, it has been shown that car
escape from the dots occurs from a common level, the
ground state, showing that the relaxation rate from excited
ground states is faster than escape by either tunneling
thermal activation.
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