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Electronic structure of self-assembled InAs quantum dots in GaAs matrix
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Capacitance—voltage characteristics have been measured at various frequencies and temperatures
for structures containing a sheet of self-assembled InAs quantum dots int®#As andp-GaAs

matrices. Analysis of the capacitance—voltage characteristics shows that the deposition of 1.7 ML
of InAs forms quantum dots with electron levels 80 meV below the bottom of the GaAs conduction
band and two heavy-hole levels at 100 and 170 meV above the top of the GaAs valence band. The
carrier energy levels agree very well with the recombination energies obtained from
photoluminescence spectra. 98 American Institute of PhysidsS0003-695098)01034-1

In recent years there has been great interest in the progt 10 K. The optical excitation was provided by the 514.5 nm
erties of heterostructures containing self-assembled quantulime of an Ar" laser and the luminescence was dispersed by a
dots (QDs).1~8 While photoluminescencéPL) spectroscopy 3/4 m monochromator and detected by a cooled Ge diode
is useful for determining transition energies between electroletector in standard lock-in mode.
and hole levels in QDs, it gives little information on the Plan-view transmission electron microscofiyfEM) re-
position of the quantum levels relative to the band structurereals that for both types of sample there is a characteristic
of the host matrix. Capacitance—voltag€E—-V) spectros- size of 10 nm for the QDs which produces a strong contrast
copy may be used to investigate independently the electroniwith sheet concentratioNgp= (5+2)x 10'° cm™2. Smaller
structure of QD$1° Using eithem- or p-type matrices it is and/or flatter dots, having a weaker black-white contfdse
possible to study separately the electron and hole levels itp @ much smaller strain fielghave also been observdie
the QDs. In this letter we report combined PL a@dV  considered these dots to be too small to form localized states.
studies of botm- and p-type structures containing an array ~ Figures 1a) and Xb) show the PL spectra at high exci-
of self-assembled InAs QDs in a GaAs matrix. We compardation power for then- and p-type samples, respectively.
our results with recent experimental and theoretical works. Each spectrum was fitted with two Gaussians. The ground-

Both samplesp- andp-type, are based on a type | InAs- state emissiofipeak 1 in Figs. (@ and Xb)] for the n-type
GaAs heterostructure grown by molecular beam epitaxygample is about 40 meV higher than for theype sample.
(MBE) on n™ and semi-insulating GaAs substrates, respecThe slight energy difference in the PL peaks for the two
tively. The growth temperature was 580 °C, except duringsamples may be due to the additional annealing required for
the growth of InAs when the temperature was lowered to
480 °C. The growth rates were 1 ML/s for GaAs and 0.066

ML/s for InAs with background arsenic pressure of 1.2 gz
X 107° Torr. The average thickness of InAs deposited was >
1.7 ML. The QDs were sandwiched between a @rb-thick @
GaAs cap and a lsm-thick GaAs buffer layer which were _{a‘f1
uniformly doped in then-type structure(p-type structurg T

with Si (Be) at a level of 2<10'® cm™3 (5x 10'® cm™3) ex-

cept for 10-nm-thick undoped spacers on each side of the QD 0
layer. Au-Cr Schottky barriers were deposited on top of the ~8
n-type structure through a shadow mask with holes of 200 = 6
pum diameter. The growth of the-type structure was termi- =
nated with a 0.5um-thick n*-GaAs layer to form an asym- g4
metric p-n junction. Mesa structures with diameter of 100 E 9
o

um were etched to a depth of@m. Finally, ohmic contacts
were made to both™ andp™ layers.

The C-V characteristics of the devices were measured
over a frequency range of 10 kHz to 1 MHz using an
HP4275A LCR meter with a 10 mV measuring signg}{) . FIG. 1. PL spectra ofa) n-type and(b) p-type QD structures measured at

PL measurements were performed on the as-grown materidF 10 K for high excitation density of 900 W/cinThe Gaussian fitting

parameters of PL spectra af@) energy peakE,,1(2)=1.252(1.333 eV,

standard deviatiodE1(2)=0.070(0.057 eV for the n-type sample;b)

30n leave from A. F. loffe Physico-Technical Institute, St. Petersburg, Rusenergy peakE,1(2)=1.211 (1.282 eV, standard deviatiomAE1(2)
sia. =0.063(0.098 eV for the p-type sample.
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with AE.=70 meV,Ngp,=3X 10'° cm~? and electron confinement energy

FIG. 2. Frequency dependence of eV characteristics ofa) n-type and ~ Ec=80 meV. The frequency i6=10 kHz for T=50 K andf=1 MHz for

(b) p-type QD structures measured 50 K andT= 100 K, respectively. 1 >50K (the curves are offset by successive 0.5 pF steps for dlafitye
insert shows the conduction band diagram of the structure. The horizontal

line represents the electron subband energy level in the QDs.

the growth of the 0.5#m-thick n* layer (30 min at 580 °G

|- 1 i
on thep-type structuré:’ The high energy component of the croscope(TEM) studies is an upper limit to the density of

s_pectra[peak 2 In Figs. Ga)’.l(k.))] cﬂsappear_s at low excita- active dots since coulombic repulsion effects would tend to
tion power (<100 W/cnf), indicating that it is due to the .
reduce the effective value ®dqp.

recombination of ground-state electrons with holes in the : : , ! .
) . 3 : Solving Poisson’s equation for different values of the
first excited staté® The energy separation of the ground . . .

reverse biad/,.,, we obtain the charge in the structure per

and the first excited hole state is similar70 me\) for p- unit are The calculated capacitance is derived fra®n

andn-type devices. Theory predicts nearly 100 m@Réf. 4 _ . o - )

and 40 meV(Ref. 5 for QDs having the same transition =AQ/AV, based. on quasistatic conquns, l.e., the tem-
i poral charge variatiodQ caused by the increment of the

energy and characteristic size as ours. reverse biadV is neglected. However, in practice a small ac
Figures 2a) and 2b) show theC—V characteristics of signal Vs, frequencyf, is applied in addition to the dc

the n-type (p-type) device for various measurement frequen- . .
cies at 50 K(100 K). The step in theC—V characteristic is reverse biasyre,. Vos: CaUSES a modulat|o'n of the charge
: . 0 . both at the edge of the space charge regid®@45) and at

related to the discharging of the QB3 According to a ) . .

o . . ,the point where the Fermi level crosses the electron level in
guasistatic model based on the solution of Poisson . .

. 810 : : he QDs @Q,y). Since escape of electrons from the QDs is
equatiorf~1°the width of a plateau it€—V depends on the a -

a slower process than captire reach equilibrium between

geDasldy;tra;feﬁ.icugﬂ?ﬁctzfreth?hgliﬁt;((rmg?nI?r:/eelg[l)ns tize de_the QD layer and adjacent GaAs layers, the thermionic emis-
: yp ' 9 sion rate of electronse() from the QDs must be much

termined by the sheet concentratiblyo, of QDs and the higher than Zrf. The thermionic emission rate depends ex-

relative positions of the electron level in the QOS,) and .

chemical potentiaky) in the GaAs matri¥-1° We use a ponentially both on the temperature and the energy of the

Gaussian distribution with standard deviatidb& to describe ?V[\)Ieflfhc;ophéeﬁls'i ?S ggggresr?:g;iedgﬁ;ﬁiﬁgsggc?e%fs

the spread of QD energy levels, and hence the density of T ; . )

electron states in the QD sheet may be writteh as an_d the plateau associated Wlth QD_ discharge is suppressed
[Figs. 2a) and Zb)]. For our devices in the frequency range

2Nopn _Z(E_Ee)2> 10 kHz-1 MHz, this effect occurs around 50 K for the
Ne= f ex 7| f(w,T)JE, (1)  type sampléFig. 2a)] and 100 K for thep-type sampléFig.
J AE
(m/2)AE (AE) 2(b)]. This means that the hole states in the InAs QDs are
wheref(w,T) is the Fermi—Dirac function. deeper than the electron states with respect to the corre-
We include the spin degeneracy factor of 2 and neglecsponding band edge of the GaAs matrix.
the charging energy~10 me\) required to place a second C-V characteristics recorded at different temperatures

electron on a QD because this is much less than the spread affe displayed in Figs. 3 and 4, together with theoretical fits.
electron energies\E is taken from the fits to the PL spectra. In all cases was low enough for the system to reach equi-
Noon (Ngpp) of QDs is used as a fit parameter. The dotlibrium.

density determined directly from transmission electron mi- By modelind~1° the measured temperature-dependent
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=4x10'° cm~2 and agree very well with the values deter-
mined by TEM[(5+2)x10'° cm™2].

In addition, recent midinfrared absorption measurements
on InAs/GaAs QD structures showed an electron confine-
ment energ\E, equal to 190 meV and a separation between
the ground and the first excited states of the holes equal to
115 meV*?

In conclusion, we have investigated bathGaAs and
p-GaAs structures containing self-assembled InAs QDs us-
ing the C-V technique, PL spectroscopy, and TEM.
Whereas in other recent wofkhe electron binding energy
was reported to be larger than that for holes, for our QDs we
find the opposite behavior. Our values are more consistent
with recent theoretical estimations of the binding energfes,
but the difference between our values and those of Refs. 6
and 12 may point to a strong sensitivity of the binding en-
ergy on growth conditions which may affect both morphol-
ogy and composition of the self-organized QDs.
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