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Photocurrent and capacitance spectroscopy of Schottky barrier structures
incorporating InAs/GaAs quantum dots
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We present photocurrent, capacitance, and photoluminescence studies of GaAs-based Schottky barrier struc-
tures incorporating InAs self-assembled quantum dots. We show that the photocurrent is mainly controlled by
thermal escape of electrons out of the dots and is suppressed at low temperatures, below 100 K. At higher
temperature$>185 K), we are able to control the magnitude of the photon absorption, and hence the photo-
current, by varying the bias voltage applied to the device.
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[. INTRODUCTION vide a complete description of the electronic properties of a
QD structure. In this paper, we report both capacitance and
InAs/GaAs self-assembled quantum d@@D’s) are of PC spectroscopy of a Schottky barrier structure, incorporat-
great current interest. Their zero-dimensional character hasg InAs QD’s in a uniformly dopedn-GaAs layer. The
potential for new optoelectronic devices, such as low-analysis of photoluminescen¢eL) andC(V) measurements
threshold lasefsinfrared detectors? and high-density opti- allows us to determine the electronic structure of the QD’s
cal memories:* Carrier transport plays an important role in and the escape rate of carriers out of the dots. The results
determining the properties of these devices. Therefore, abtained are then used in the analysis of the PC data. We also
great deal of attention has been devoted to studies of emishow that it is possible to control the photon absorption in
sion and capture processes of charge carriers by the QD®D’s by changing their electron occupation. In principle, it is
using both electricat® and optical technique€ '®  therefore possible to use the bias to modulate the QD absorp-
Capacitance-voltag€(V) measurements provide informa- tion.
tion about the electronic structure of the QD' carrier The paper is organized as follows. In the following sec-
escape processes from the QD’s can be investigated by timéon, we describe the growth conditions and compositional
resolved capacitance measurements, which can separate th&iructure of our sample. In Sec. lll, we investigate the elec-
mionic and tunneling escape mechanidMsin addition, tronic structure of the dots using PL ar@(V) measure-
photocurreni{PC) spectroscopy combines the advantages ofments. In Sec. IV, we use admittance spectroscopy to inves-
both electrical and optical methods of investigattbri>The  tigate the thermal escape of electrons from the dots. In
PC spectrum reflects, in part, the optical absorption in theeombination with PL andC(V) studies, this allows us to
QD layer, but carriers that are photogenerated in the QD’&dentify the mechanisms responsible for the PC signal due to
have to be separated in order to contribute to the PC signaQD’s. The paper concludes with a summé#Bec. V).
As a result, the intensity of the PC signal is governed by the

interplay between the recombination and escape rates of pho- Il. SAMPLES
togenerated carriers.
Previous work on PC spectroscdpy*® has principally The QD structure was grown by molecular-beam epitaxy

involved p-i-n structures, in which the QD layers were on an”-GaAs (001) substrate. The InAs layer, of average
placed in the high electric field of the intringitayer. In this  thickness 4 monolayers, was deposited at 485 °C. The QDs
type of structure, the QD’s are empty and it is not possible tovere sandwiched between a Qui-thick GaAs cap and a
determine the electronic structure and the escape parametdrgum-thick GaAs buffer layer. The cap and buffer layers
of the QD’s using capacitance spectroscopy. Chenal*®  were uniformly doped with Si at 210" cm™3, except for
have found that the temperature dependence of the PC sigria¥o 10 nm thick, undoped spacers, one on each side of the
from InAs QD's is controlled by thermally assisted hole tun- QD layer [see Fig. 1a)]. Plan-view transmission electron-
neling, implying that holes are the more weakly confinedmicroscopy images reveal a uniform spatial distribution of
carriers. However, capacitance spectroscopy measuremerttsts, with mean diameter of 15 nm. The areal concentration
on InAs QD's indicate that the hole ground state may have avas found to beNgp=(3.5+0.5)x 10" m™2.

larger binding energy than the corresponding electron level, A Ni-Cr Schottky barrier of 35am diameter was depos-
relative to the corresponding band edge. addition, time- ited on top of then-type structure for capacitance and con-
resolved capacitance spectroscopy has revealed that the haolectanceG, measurements. THe(V) and G(V) character-
escape rate from the QD’s is much lower than the electronstics were measured using an HP4275A or an HP4284A
escape rat@To resolve this apparent contradiction, it is nec-LCR meter. For the PC and PL measurements, a semitrans-
essary to use both capacitance and PC spectroscopy to praarent, Ni-Cr Schottky barrier of diameter 1@n was de-
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Energy (eV) FIG. 2. (a) Capacitance-voltage characterigfi¢V) measured at

_ 1 kHz andT=80 K (open circle} simulated using a quasistatic
FIG. 1. (a) Sketch of the sample structuréh) Photolumines-  model(continuous ling The inset shows the conduction band dia-

cence(PL) spectrum of InAs/GaAs self-assembled quantum dotsgram of the QD structure at zero bias. The horizontal lines represent
measured af =80 K with 20 W/cnt excitation power. The con- the mean energiek,; of the QD levels.(b) Occupation of the

tinuous line is a fit to the data using three Gaussians. The ins&fjectron groundsolid line) and first exciteddashed ling state in
sketches the electronic structure of the dots. QD's as a function of the reverse bias as determined from the simu-
lation of theC(V) data.

posited on top of the structure to provide optical access to thgate that the energy separation of hole states in the dots is

sample. The excitation source for the PC measurements w ooy i
a tungsten-halogen lamp, dispersed by a 0.25 m monochr?-?1Iy a few meV(<11 meV). This implies that the large

mator and the PC signal was recorded using standard lock-fi €'Y spacingh E>60 meV between bandw0, hv1, and

techniques. PL measurements were performed with the opth"2 IS malnly due to the energy separatidrEe between
cal excitation provided by a He-Ne laser. successive electron states of the dot. In particular, the energy

spacing between bandsr0 and hvl (AE=72 meV) is
within the range of values of the energy splittidd=g 4
ll. ELECTRONIC STRUCTURE OF QD's =70-90 meV between the ground state and the first excited

Figure 1b) shows the PL spectrum of the QD structure atState O_f the e_:lectror_1 calculated in_ Ref. 14.
T=80 K. We observe three QD-related bantis0, hvl We investigated in further detail the electron states of the

andhv2 peaked, respectively, at 1.150, 1.222, and 1.281 e\f0t by means o€(V) measurements. As shown in Figag
Bandh»0 is due to ground-state electron-hole transitions inthe C(V) characteristic of the QD structure shows two pla-
the dots, whilshv1 andh»2 are due to transitions involving €au regions indicated by arrows, with a small step between
the excited-electron and hole staté4® Each PL band has a them at—2.0V, indicating the filling of two electronic states
linewidth of AE~50 meV, obtained by fitting the measured of the QD's! At a given temperature, the charge located in
spectrum to three Gaussian curves. Increasing the power ithe QD plane is determined by the sheet concentratigp
creases the intensity of the high energy bands relative to th&f the QD’s and by the positions of the electron energy levels
of the ground-state pedkv0. Also, increasing the tempera- in the QD’s, Eg;, relative to the chemical potential [see
ture tends to suppress the PL peaks, due to the thermal eigset in Fig. Za)]. We use a Gaussian distribution to describe
cape of carriers from the QD’s. the density of states associated with the distribution of QD

Model calculations of the energy levels of InAs/GaAs sizes. The density of charg®qp accumulated in the QD
QD's, similar to those considered in the present work, indi-plane may be written 4%
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where f(E,ux) is the Fermi function,g; is the spin- :g
degeneracy factor, arelis the electron charge. The summa- ©
tion (i=0,1,2) is taken over all dot energy levels. 5 107
A quasistatic charging modeis used to fit theC(V) §
curve atT=80K, as shown in Fig. d). The numerical 2 o
o L

analysis indicates that, &=0 V, there are two filled elec-
tron states in the QD’s, aE.y=(140+=10) meV andE,,
=(60*=10) meV below the bottom of the GaAs conduction 2
band[see the inset in Fig.(d)] both with width AE= (50 107° F
+10) meV deduced independently from the PL measure-
ments. We believe that, due to the band-bending effects
caused by the charging of the dots, the highest energy state: Energy (eV)
of the dot are empty and cannot be measuredby) (see
inset of Fig. 2. However, the observation of the QD-related
bandhv»2 in the PL indicates the existence of a second elec- (b)
tron excited state in the dot.

The first two electron energy levels derived frad{V)
measurements, Eg=(140+=10) meV and E.;=(60
+10) meV, are close to the values calculated{ftk3 fac-
eted dots(Eg,=177 meV andE,; =86 me\).}* The same
model predicts a second electron energy level,
=77 meV and an energy spacing betwegy and Eg,,

AEq _»,=9meV. If we assume that barttv2 is due to a
transition from the second excited states to the holes states
then the large-energy spacing of 60 meV between bamds
and hv2 is not consistent witlAE.; ,. However, this in-
consistency may be due to the different shape and composi- ) 6 4 2 0

tional profile of the dot assumed in the model compared to V (V)

the actual dots in our experiment. Also, the measured value

of Eq;=(60+=10) meV and the calculated electron energy FIG. 3. (a) PhotocurrentPC) spectra measured as a function of
level Eqyw =30-50 meV of the InAs wetting layeiwL), reverse bia® at T=200 K. From the bottom to the top, is equal
suggest that the second excited state has a small bindirig0, -1, =2, =2.5, -3, =5, =7 V. (b) Intensity of the PC ground-
energy[see inset of Fig. (b)] or is possibly in resonance state peakpd(ey—ho) versusV at various temperatures.

with the levels of the WL continuum states.

The C(V) measurements indicate that the energy splittingof a small energy separation between the two first hole levels
AEq,_, between the ground state and the first excited statef QD’s (~7 meV),* which is within the error of our mea-
of the electron in the dot iAE¢, ;=80+20 meV. This suremeni{~10 meV).
value is comparable with the energy spacing of bamd@
and hv1 derived from the PL measuremem€~70 meV
and is within the range of values d&fE.,_;=70—90 meV
calculated in Ref. 14. Figure 3a) shows logarithmic PC spectra of the device

The comparative analysis of the PL and 1@¢V) mea- measured aff=200 K for various reverse biases. At
surements allows us to determine the hole energy levels. AsQ v, the PC spectrum is dominated by a step at 1.45 eV
sketched in the inset of Fig(ld), the sum of the ground-state related to the absorption by bulk GaAs. An increase of the
electron energ¥= 140 meV, the ground-state hole energy reverse bias up te-7 V leads to the appearance of features at
Eno, and the ground-state recombination energy0  ~1.40 eV, due to optical absorption in the InAs wetting
=1150 meV should correspond to the GaAs band gap at 8fayer, and three features at 1.102, 1.182, and 1.240 eV,
K, Egaas~ 1507 meV. Hence, we estimate the position of thecaused by absorption into the ground and excited states of
hole ground-state level in the QD’s to bEn,=(200 the InAs QD’s. The positions of the last three features agree
+10) meV above the top of the GaAs valence band. Thigjuite well with the energy positions of the corresponding PL
estimate includes a small correction due to the exciton bindpeaks measured at 200 K, taking into account a small Stokes
ing energy in the QD’s, which is-20 meV! A similar analy-  shift (<10 me\) related to carrier thermalizatidf.
sis for the first hole excited state giveg; =205+ 10 meV, a As shown in Fig. 8a), the PC signal from the QD’s mea-
value that is very close tB;, thus supporting the prediction sured atT=200 K grows monotonically with increasing re-
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model, the intensity of the PC signal is mainly controlled by
the escape rate of the faster carrier and can be represented in
the following form-17

&

~10°F
<
e _7r |Pc:—gT
g 107 <1+ ﬁc) )
8 L Trec
% 10°k where g is the carrier photogeneration rate in the QD’s,
£ which is proportional to the incident photon fllx Then,
a £ since the electron-hole recombination time is about #°ns,
10"k for significant PC,rs. Should be smaller than 1 ns.
The electron escape time can be expressed as
E 1 i L 1
1.0 E1.2 ( 1\;1) 1.6 T8 = Tos X AESY/KT). 3
nergy ( e

WhereAEg0 is the activation energy for thermal escape of
FIG. 4. (a) PhotocurrentPC) spectra measured fst=—3V at  carriers andrgSC is the escape time in the high-temperature

various temperatures. The current scale applies to the lowest curvBmit kT>AE§0_ A similar expression holds also for the hole

For clarity, the different curves are displaced along the vertical axistime constant.

In order to measure the temperature dependence of the

verse bias, almost saturating|®{ >3 V. Similar behavior is electron escape rate out of the dos, we used adm|tta|_"|ce
observed in the temperature range from 180 to 300s&e Spectroscopy. Admittance Spectroscopy mvplvgs measuring
Fig. 3b)]. Below 180 K, the voltage modulation of the PC th_e capacitance and conducta}nce of thg device in the ac mode
signal becomes weaker and, below 100 K, there is no P(\f’Ith _tunable frequency. As d|scus_sed in Ref. 7 and 18 a
signal from the QD’s. The temperature dependence of the petep In the_C(V) curve and a peak in the(V) characteristic
spectra measured at reverse bias— 3 V shows that the PC of the diwce are observed when the rate of escape of elec-
signal from QD’s is suppressed below 200 K, as shown ir}rons_ Lhresc OUL Of the dots becomes comparable wittac-
Fig. 4. cording to the relation

Analysis of theC(V) characteristics indicates that, ¥t
=0V, the two lowest electron states of the QD’s are filled
with electrons. This is shown in Fig.(t9, which plots the
occupation of electron ground and first excited state in th
QD’s as a function of the reverse bias, as determined by
simulation of theC(V) characteristic. Increasing the magni-
tude of the reverse bias from 0 t63 V results in successive
depopulation of the levelg,; and Eqq, respectively. Note L A .
that the PC signal from the QD states increases over thi%imce exhibits a peak as shown in F|ga,5>)_. The analysis Of.
voltage rangdFig. 3b)]. It is found from C(V) measure- eC(T) andG(T) curves measured at different frequegmes
ments that afV|>3 V, there are no electrons occupying the allow us to det?”"'”e the temperature depeqdencésgf
ground-state level in the QD'EFig. 2b)]. Note that this In particular, using admittance spectroscopy in the range of
value of the reverse bias agrees very well with the onset of'€ reverse biases from2.1 t0—3.0 V, we can measuregs
the saturation of the PC signal from the QDEig. 3(b)]. associated with thermal escape of electrons from the ground
This suggests that the reason for the absence of the PC sigiffte of the QD's: by changing, we are able to vary the
at low bias is that no absorption is possible because most gosition of the electron levels in the QDE,;, relative to
the dots are occupied. Thus, by changing the electron occdbe chemical potentigk [ see inset in Fig. @)]. As indicated
pation in the QD’s, one can use the reverse bias to control thgY the quasistati€(V) simulations[Fig. 2a, b], depopula-
photon absorption and, consequently, the PC signal. At 3080n of the electron ground state of the QD’s occurs in the
K, the voltage modulation of the PC signal from the QD’s is Fange of the reverse biasgsfrom —2 to —3 V.
weaker[Fig. 3(b)] because the concentration of electrons in  Figure §c) shows the Arrhenius plot ofg,. and a fit to
the ground state of the QD’s decreases with increasing tenihe data by Eq(3), with fitting parameters\ES® and 7o,
perature so that a PC signal is observed evevi-ad V. listed in Table I. In the range of bias;2.3 to —2.9 V, we

The amplitude of the PC signal from the QD's depends orfind thatAESC varies in the range 64—107 meV. We attribute
the photon absorption. However, carriers photogenerated ithis spread of values to the energy distribution of the dots
the QD’s can recombine before they are able to escape armhused by fluctuations in their size, composition, and shape.
contribute to the PC signat 3 Therefore, the strength of In particular, we find that a¥=—2.4 V, the chemical po-
PC signal from the dots depends also on the relation betwedrntial u is in resonance with the maximum of the density of
the recombination (%) and escape rates (L) of carri-  states associated with the ground-state energy distribution of
ers. In particular, as follows from a coupled-rate equationQD’s [see inset of Fig. @]. For this bias condition, the

2mfre,=2. (4)

At a fixed frequency, as the temperature decrease§,.1/
ecomes lower thamrf, i.e., carriers freeze into the QD
States. This reveals itself as a characteristatependence of
the capacitance and conductance curves: with increaging
the capacitance shows a steplike behavior and the conduc-
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surement frequency. 1 kHz (solid squares 10 kHz (solid tri- v=-3V
angles, 100 kHz(solid circles, 1000 kHz(solid starg. (c) Arrhen- -5V
ius plots of the electron emission rate at different reverse biases ¢ 10f v
Continuous lines are fits to the data by E8). - b \

(b) . . .
value ofAEgo is equal to 69 meV. This quantity is smaller 00 5 10 15 20
than the energy of the electron ground statg= 140 meV 1000/T (K™)

determined from the quasistat{V) simulationg Fig. 2(a)]

and compares with the spacing between the ground state and FIG. 6. (a) Temperature dependence of the intensity of the PC
first excited state of electrons in the QD'§E,=80  Peaklpc(€—ho) for V=—3V (open circlesand of the PL peak,
+20 meV, as obtained fror8(V) measurements. This sug- I?L(eqfho), (solid circleg associated with the ground-state transi-
gests that electron emission from the QD’s into the Gaadion in the QD's. The calculated temperature dependence of

layers occurs by thermal escape of electrons out of excitetpd(®o~ho) for thermal escape of electrons from QD's at different
R - reverse biases are also showhs —2.4 V (dash-dotted ling —2.6
states of the dots. This is in agreement with the results o (dotted lind, —2.9 V (solid ling). (b) Temperature dependence of

tained by time-resolved capacitance spectros€dpy. . . . .
. I —h ff V. I h .
We can now interpret the observed temperature depenPC(eo o) at differentV. Continuous lines are guides to the eye

dence of the PC signal in terms of our analysis of all the ' .
. cause the dots are not filled with electrons. A good agreement
measurements. Figuregap show the temperature depen-

: : . : etween the model and the data is obtained/fan the range
dence of the intensity of the PC peak associated with the QB_ . o
ground statel po(€o—hy) at V=-3.0V. The temperature 2.4—2.9 V[see Fig. 6@]. This indicates that the strength

. . . of the PC signal is determined by the electron-escape rate.
depenQence of the PC signal is well dese((:)nbed b%/(E)qand For the holes, previous measuremérits p doped devices
(3), using electron-escape paramet&r§;~ and 7. mea-

) ) incorporating QD’s similar to that considered in this work,
suzresd b%/ ga\??lfgglgcbe :gf\(/:ioséog{/ 'Cv;gie\aogiag;ert%ngghowed that the thermal activation of holes from the QD
meésure électron-escépe rate by édm,ittance spectroscopy l%(_)und state has an activation energy AEQO:(164

+10) meV. The value oﬁEgo is smaller than the position
of the hole ground-state level in the QD’s measured by our
C(V) measurements;,,=(200+ 10) meV and suggests that
the thermal activation of holes involves both the ground and

the higher excited states of the dots, which are separated by

TABLE I. Values of AES? and 72, determined from the Arrhen-
ius plots of Fig. 5.

V) Tese (P9 AEZ (meV) only few meV (see discussion of Sec. llISince the holes
-23 11.3 64 are heavier and more deeply confined than the electrons, if
—24 10.9 69 tunneling is involved in the escape process, their transmis-
—25 8.8 76 sion coefficient should be lower. Therefore, in modeling the
286 4.8 86 PC data, we can assume that the escape r@@(l of
-28 1.1 100 photoexcited electrons from the QD’s is a few orders of mag-
—-29 1.1 107 nitude larger then the hole escape ratgsg‘l. In this case,

the photocurrent is proportional tOTZS()_l at sufficiently
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low temperature when$,> 7,ec [EQ. (2)]. At high tempera- for T<145= K, while for V=-2V, it quenches forT
tures, when the electron-escape rate is very high, the currest 185 K. This behavior is due to the increasing rate of tun-
is independent of. (and 7,) and is determined simply by neling escape of electrons out of the dots with increasing
the rate of photon absorption by the QIEg. (2)]. bias*122|n our structure, the main contribution to the PC
Under the conditions of our experiment, the incident pho-signal is due to thermally activated tunneling of electrons out
ton flux is relatively low: the strength of the PC signal in- of the dots. The maximum value of the electric field used in
creases linearly with photon fluR, with no indication of our experiments is 100 kV/cm, which is not enough to re-
saturation of the QD absorption. Therefore, most of the QD’sover the PC signal by simple tunneling processes at the
remain unexcited and neutral so that the positive charging dpwest temperatureg<100 K).
the QD’s by the higher electron-escape rate has a negligible
effect on the dynamics of the carrier escape from the QD’s.
Figure Ga) shows that forT<110K there is a strong
increase in the intensity of the PL peak, BL{ hy), asso- In summary, we have shown that it is possible to control
ciated with the ground-state transition in the QD’s. This im-photon absorption in QD’s by changing their electron occu-
plies that, in this temperature range, the recombination opation by means of an applied bias. In principle, it is there-
photogenerated carriers dominates over escape processi¥g possible to use the reverse bias to modulate the optical
consistent with our description of the thermally activated PGabsorption of a QD array. In addition, we have found that the
associated with the QD’s. In particular, we estimate that théemperature dependence of the PC signal from the QD’s is
electron escape time constant is lower than the recombingoverned by the relatively fast thermal escape of electrons.
tion time 7= 1 ns for temperature$>185 K [Fig. 5c)],
consistent with the experimentally observed suppression of
the PC signal from the QD’s measured %Wt=—3.0V
[Fig. 4a)]. The work is supported by the Russian Ministry of Sci-
Figure 6b) shows the temperature dependence of the P@nces project on nanoelectronics and by EPSRC. P.N.B.
signal for different applied biases. Varyingfrom —3to —7  gratefully acknowledges support from the Royal Society. The
V results into a weakeTl dependence of the PC signal. In authors would like to thank Dr. P. Daws@l.M.I.S.T) for
particular, forV=—7V the PC signal becomes almost zero fruitful discussion regarding this work.
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