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In-plane photocurrent of self-assembled InGa; _,A5YGaAs(311)B quantum dot arrays

H. Z. Song, K. Akahane, S. Lan, H. Z. Xu, Y. Okada, and M. Kawabe
Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan
(Received 20 November 2000; revised manuscript received 2 April 2001; published 11 July 2001

On self-assembled |Ga, _,As/GaA$311)B quantum dotgQD’s), photocurrent in the plane of QD arrays
was measured under irradiation with wavelengths longer than 85QLrit6 e\j. A sample with rather inho-
mogeneous QD sizes shows hopping conduction, indicating the localization of carriers in individual QD’s. A
two-dimensional QD superlattice, consisting of highly ordered and homogeneously sized QD's, exhibits nega-
tive differential conductancé\DC), i.e., photocurrent decrease with increasing applied voltage, in a limited
electric-field range. The pre-NDC conduction is argued to arise from the miniband, which is evidenced by the
photoluminescence, while the post-NDC conduction is found to be hopping as in a localized QD system,
suggesting a miniband destruction under an in-plane electric field as low18V cm . The miniband
transport is likely controlled by two-dimensional acoustic-phonon scattering.
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. INTRODUCTION transport in different 1iGa, _ As/GaAg311)BSAQD arrays
by using photocurrent measurements. A QD ensemble with

Quantum dotgQD's) have been widely investigated for quite inhomogeneous dot sizes shows hopping transport be-
over ten years because of their potential applications in &veen the localized QD states. Negative differential conduc-
generation of electronic and optoelectronic devices. QDiance(NDC) was observed on a 2D QDSL. This behavior is
related transport has attracted special attention, as it is intconsidered to result from an evolution of the transport
mately associated with device exploration. In self-assemblethechanism from miniband to hopping conductions. Two-
guantum dot§SAQD’s), most of the transport studies were dimensional acoustic-phonon scattering is probably domi-
devoted to the vertical motion of carriers across a single dobant in the miniband transport.
layer:=#in which the observations arise essentially from the

energy structures of isolated QD’s. Carrier transfer between Il. EXPERIMENTAL DETAILS
individual SAQD's is of more and more interest, owing to its _
possible application in quantum computihg.Two- A. Sample preparation

dimensional (2D) interdot conductance was observed in  The samples were grown by atomic-hydrogen-assisted
InAs/GaAs(Ref. 6 and Ge/Si SAQD systenis’Due to the  molecular-beam epitaxy on undoped semi-insulating
strong localization of QD levels, hopping conduction wasGaAs(311 substrates. On a 300-nm undoped GaAs buffer
identified in the plane of Ge/Si QD arrays at sufficiently low |ayer, InGa,_,AsQD’s were grown in the Stranski-
temperature§” However, the QD wave functions can be krastanov mode, followed immediately by a 10-nm undoped
well delocalized as the Surrounding barrier becomes thin anéaAS Capping |ayer_ The growth was subsequenﬂy termi_
low enough. One of its results is the strong interdot couplinghated with a 30 nm X 10+ cm™—3 Si-doped GaAs layer.
through resonant tunneling, as has often been observed in | this paper, we refer to four sample Nos. 1-4, which
multilayer-stacked SAQD's, in which the dots are vertically gr¢ different only in IpGa,_,As growth. The QD growth
aligned to be 1D finite array$:™ A more interesting case i cgonditions for sample Nos. 1-3 are, 8.8-MliBa, /AS

the 2D interdot coupling in the plane of the SAQD ensemblegt  460°C. 5.5-ML I Gay AS a:c 460°C, and

If the periodicity of the dot array is good enough, the interdotg g_n Ing Gay As at 470°C, respectively. The wetting
distance is close enough, and the dot size is homogeneoyger thicknesses are estimated to be 5.5, 3.5, and 5.8 ML for
enough, an infinite 2D quantum dot superlati@DSL) is  sample Nos. 1, 2, and 3, respectively, according to the time
formed with extended minibands instead of localized QDyyhen the reflection high-energy electron diffraction displays
states. A 2D QDSL is attractive because it may suppress thg transit from stringy to spotty patterns. Sample No. 4 is a

optical-phonon scatterinf, and can enhance the optical control sample without any I&a _,As growth, but with the
non-linearity-> The authors of Ref. 14 reported that the in- g3me other layers as in sample Nos. 1—3,

plane transport of an ordered silver QD array changes from
hopping to resonant tunneling as the interdot distance is re-
duced. From a CdSe QD ensemble, Artemyall® ob-
served an evolution from localized to collective electronic  On the surface of an as-grown sample, two planar contact
states as the QD density increases. In an InAs/GaAs SAQPpads, 10um separated from each other, were made by alloy-
array, a large photoluminesceng®l) redshift was found to ing the deposited Au:Gé€88:12 to form Ohmic contacts

be induced by the interdot coupling through strong wave-down to the QD layer. The voltage was applied across the
function overlappind® Recently, the optical properties of the gap between two electrodes, so that the current flows parallel
minibands in a 2D IgGa, ,As/GaAs QDSL were investi- to the sample surface. The doped top layer helps to form
gated in detait”*8 In this work, we compare the in-plane Ohmic contacts, but it is in fact completely depleted due to

B. Photocurrent measurements
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the surface potential in the free-surface region so that the ’
dark current is suppressed. The photocurrent was generated 10 ; 45K
by irradiation with a 190-W halogen lamp normally incident I / irradiation: 145 mWem™
onto the sample surface. A low-pass filter with cutoff at 850 j
nm (1.46 e\) was used in between the light source and the
sample to populate the QD layer, and to constrain the simul-
taneous excitation in bulk GaAs matrix. The current was
measured using a HP 4156B precision semiconductor param-
eter analyzer, with samples mounted in a table-top prober
system cooled by flowing liquid He.

Detailed measurements were preformed on the samples
with electrodes configuration leading to current along the 9

[ 233] direction, while other directions were checked at some

points of irradiation power and temperature. Single-color ir-

radiation was also tried as a comparison. A band-pass inter- 0
ference filter with a 10-nm-wide transparent window and

various central wavelengths of 855—880 nm, or a monochro-

mator, was used to replace the low-pass filter. A tunable Ti-

:sapphire laser is another tool for this purpose, especially for g5 1. In-plane photocurrent vs applied voltage measured un-
high-intensity irradiation. Unless specially indicated, how-ger an jrradiation intensity of 145 mw crf at 4.5 K for different
ever, the data shown in this paper correspond to curreni§amples. The dashed lines guide the Ohmic photocurrent-voltage
along the[233] direction and the low-pass-filtered irradia- behaviors. Sample No. 4 is a control sample without QD's.

tion source.

Photocurrent 7 (nA)

Voltage V (V)

tween the behaviors of sample Nos. 1 and 2. A transition
between two different Ohmic conductions, both of which are
guided by straight and dashed lines, occurs as the bias
As the central part of a sample, the QD’s were characterechanges. No NDC, but a gradual decrease of differential con-
ized in optical properties and microstructures. The PL specductance, was observed from below 1 V to above 2 V.
trum was measured with an excitation of the 514.5-nm line As a reference for understanding the sample-dependent
from an Ar* laser in a cryostat at liquid-He temperature on aphotocurrent behavior, we examine the difference of QD’s in
sample piece cut from the same wafer as the photocurremiptical and structural characteristics. Figur@)2llustrates
sample. The QD morphology was imaged on uncappeghe AFM images of uncapped QD'’s corresponding to sample
QD’s, which were fabricated in nominally the same mannemos. 1 and 2. The QD growth condition of sample No. 1 is
as the photocurrent sample: by atomic force microscopyhe same as the QDSL sample in our previous reports.
(AFM) at room temperature in air, using a Nanoscope |IThe AFM data indicate that sample No. 1 has uniform QD
system. sizes of around 25 nm in diameter and around 1.5 nm in
height, a highly ordered QD array, and a QD density of 1.4
. RESULTS X 10 em™2. The QD’s of sample No. 2 have rather inhomo-
geneous dot sizes ranging from 16 to 35 nm in diameter, and
The representative photocurrent-voltageM) curves for 1.5 to 3 nm in height, a disordered array, and a density of
different samples measured at 4.5 K with an irradiation in-2x 10'*cm™2. Sample No. 3 contains QD’s with sizes of
tensity of 145 mW cm?, are shown in Fig. 1. First, the pho- around 30 nm in diameter and around 2 nm in height, a
tocurrent of the control sample No. 4 is much weaker thardensity of 1. 10* cm™2, but a disordered array. The QD’s
the other three samples with QD’s. This indicates the validityof all these samples are close packed, which means a negli-
of using the low-pass filter to ensure that the main current ogjible edge distance between neighboring dots with respect to
a QD containing sample is in the QD layer. At high tempera-the QD diameters. Figure(ld) presents the PL spectra of
tures, the QD-related current is no longer much greater thasample Nos. 1 and 2 measured at 4.6 K under different ex-
the dark current and the control sample, due to the thermakitation densities. The maximum excitation density is such
ized intrinsic carriers in the GaAs matrix. Accordingly, we that the photogenerated carrier density is much lower than
limit our study well below 100 K in this work. It is notable the QD density so as to avoid state-filling effects. The narrow
that three samples with different QD’s exhibit distineY ~ spectrum of sample No. 1, peaking below 1.30 eV, is red-
characteristics. Most interestingly, there is a clear NDC beshifted, and narrowed further with decreasing excitation den-
havior, i.e., decreasing photocurrent with increasing voltagesity. The consistency with our previous studies reveals that
in a limited range from~1 to ~2 V in sample No. 1. The sample No. 1 is a 2D QDSL system, with extended miniband
pre-NDC |-V relation is Ohmic, which is implied by a states-’'8The PL spectrum of sample No. 2, peaking at 1.34
dashed line, while the post-NDC photocurrent is not OhmiceV, is quite broad, which is the result of a serious dot-size
at such a low temperature. Sample No. 2 shows simpl@uctuation. Neither a peak shift nor a shape change is ob-
Ohmicl-V characteristics. Sample No. 3 displays somethingserved as the excitation density changes, suggestive of an
generally observed in many samples. Its behavior lies beisolated QD array as conventionally fabricated. Sample No.

C. Conventional measurements
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FIG. 2. (a) Atomic force microscopic images of uncapped QD’s
fabricated using the same growth conditions as those of sample ok .
Nos. 1 and 2(b) The PL spectra of sample Nos. 1 and 2 measured
at 4.6 K with different excitation densities. 0 2 4 6

. - . Voltage V (V)
3, peaking at 1.32 eV, exhibits no shift on broadness change,

either. It is narrower than sample No. 2 but broader than FIG. 3. The photocurrent curves of sample Ndalfor differ-

sample No. 1. ent irradiation intensities at 4.5 Kb) at different temperatures with
Detailed results of photocurrent measurements are detradiation intensity of 70 mW ch as representative experimental

scribed below. We will focus on sample Nos. 1 and 2 toresults. The thin straight dotted lines indicate the irradiation and

emphasize the specialty of NDC-related physics. A generdemperature dependences of the NDC onset.

fact is that NDC photocurrent features can be readily ob-

served even at an irradiation intensity as low as 1 MWem  comes weaker and weaker as the temperature is raised, and is

Figure 3a) shows representativeV curves of sample No. 1 ng Jonger accessible above 60 K. As for sample No. 2, the

under different irradiation |r_1tenS|t|es. The critical bias of simple Ohmidl-V relation remains for any irradiation inten-

NDC_ for sz_ample No._ 1, which correspo_nds _to_the_ curre_ntsity and temperature measured by us.

maximum, is almost independent of the irradiation intensity " esnonding to an Ohmic photocurrent, there is a well-

as guided by a vertical dotted line. The post-NDC photocur-

rent is weakly voltage dependefiton-Ohmig. As the tem- defined conductanc&=1/V. Shown in Fig. 4, by scattered

. . ; . ; %ymbols, are the irradiation-intensitg) dependences of the
perature increases, its lower-bias side remains unchange

while the higher-bias side arises to become Ohmic. A Comgbnductance. The dashed lines, which are proportional fit-

pletely Ohmic post-NDC conduction appears above a certaifings of measured data, show that the conductance of sample

temperature, which decreases slightly from 20 to 10 K as th&!0- 2 and the post-NDC conductance of sample No. 1 are
irradiation is enhanced. This is visible in FighB where we Proportional to the irradiation power. Although only an ex-

show a series of-V curves measured at different tempera-2MPple is showrt20 K for sample No. 1 and 4.5 K for sample
tures, with an irradiation intensity of 70 mW ¢ In con- No. 2), this behavior is general over all the temperatures
trast to the Varying character of post_NDC photocurrent,available for these two Ohmic conductions. Nevertheless, the
there is always an Ohmic pre-NDC photocurrent in thePre-NDC conductance of sample No. 1 depends sublinearly
present measurement range. What is more important, one c@f the irradiation intensity at any temperature, as shown by
see opposite temperature dependences of the pre-and pokte scattered solid symbols in Fig. 4. Figure 5 illustrates the
NDC photocurrents. The pre-NDC photocurrent decreasesemperatureT) dependences of the conductance of sample
while the post-NDC photocurrent increases with increasingNos. 1 and 2 by scattered symbols. The pre-NDC conduc-
temperature. As shown by the short dotted line in Fidp),3 tance of sample No. 1 is nearly constant at low temperatures,
the NDC onset voltage decreases slightly as the temperatuleit obviously decreases at higher temperatures. The post-
rises. Furthermore, the NDC feature of sample No. 1 beNDC conductance of sample No. 1 and the conductance of

085303-3



SONG, AKAHANE, LAN, XU, OKADA, AND KAWABE PHYSICAL REVIEW B 64 085303

12 ——— - Sample No. I, preeNDC G
L Sample No. 1, pre-NDC 1 _Irra(_ii_aii(_)r_l:_1_4_5._ mWem™ |
1wk fitting to Eq. (2) i 10 f"*_'* A 70 ]
" 45K ® aawE oS oEoo-Soeoooo-o- -
n 8 v BK J f oA 30a 2
) A 45K e 200 e
C e 55K #ooe
3 & 8
(5] 6 = -1 —_— RNy~ NG .-t - Fel
g n EPaDE“T g '
g No. 1 post-NDC < 1 fitting to Ed. (8
g 41 o No.2 i % , . ' itting to Eq. (8)
Q
o+ M - linear fitting g Irradiation: 145 mWem (b)
I S 10F % 4
2k o 4 = = No.2
. ] £ % e No. 1 post-NDC
______ - &) LN .
ok 45K i o~ T fitting to Eq. (1)
.\
1 A 1 i 1 i 1 .\ LN
wo o e T,=1010K,x=0.28
0 50 100 150 ARV
Irradiation intensity p (mWem®) 1k / o el 3
FIG. 4. Scattered symbols: the measured irradiation-intensity ) T0=92'0 K’F'O'ZS . .
dependence of the pre-NDC conductance of sample No. 1 at differ- 0 40 20 120 160 200 240
ent temperatures, that of the post-NDC conductance of sample No. 1000/ (K*)

1 at 20 K and that of the conductance of sample No. 2 at 4.5 K.

Solid lines: curves fitted by Eq2), in which the parametes is FIG. 5. Scattered symbols: the measured temperature depen-

0.37, 0.34, 0.33, and 0.35 at 4.5, 25, 45, and 55 K, respectivelygence of(a) the pre-NDC conductance of sample No. 1 under dif-

Dashed lines: indication of proportional irradiation dependence Okarent irradiation intensities, an) the post-NDC conductance of

the conductance. sample No. 1 and the conductance of sample No. 2 with an irradia-

tion intensity of 145 mW crm?. Dashed lines(a) curves fitted ac-

sample No. 2 are thermally activated, but is not simple ex<ording to Eq.(8), with parameterE, (average acoustic-phonon

ponential function of Ir. energy being equal to 5.1, 4.5, 4.6, 5.6, and 6.6 meV from the
The above data are those corresponding to current alorRttom to the top curvesb) Curves fitted by Eq(1) for the mea-

the [233] direction, and the low-pass filtered irradiation. sured data below 40 K.
Considering the possible anisotropy on the Ga&3kl) sur- .
face, such as the 1D corrug%tion structure along[ 23] G:Goe_(TO/T) ’ @
direction reported_pre\.nous-i';?; we compa.lred the p.hoto.cur— whereG,, Ty, andx are constants. This is characteristic of
rent along the 011] direction and two diagonal directions the yariable-range hopping of localized carriers, which was
with respect to[233] and [011]. Under our experimental widely studied in amorphous semiconductors and other
condition, the current difference between these directions isystem$! A conventional SAQD array, as a typical
less than 10%, which we can not exclusively ascribe to théocalized-state system, is expected to show hopping trans-
microstructural anisotropy of the GaAs (3BLyurface. This port, which has been proved in self-assembled Ge/Si &b's.
is probably because the roughness or fluctuation due to thehe post-NDC conductance of sample No. 1 follows &g.
QD distribution, which shows no meaningful anisotropy inas well. As indicated by the dashed lines in Figb)5 the
our present samples, is larger than that due to the atomicalfittings of the data below 40 K to Eq@l) give a power factor
scaled 1D corrugation structure on tt8411) surface®?°In  x=0.28+0.04, which is universal over all the irradiation in-
addition, the photocurrent in the case of single-color irradiatensities for both samples. It is close to the theoretical value
tion shows no NDC behavior until the irradiation intensity is of 1/3 for a 2D hopping conductivi§®?>The data above 40
higher than 60 mW ci?. The observable NDC feature is K follow Eq. (1), with x being close to 0.5not shown,
much weaker than that for low-pass-filtered irradiation withwhich is consistent with the observation in Ge/Si SA®D.
the same intensity. The characteristic temperatufg in Eq. (1) is determined by
the density of localized states and the localization
length®%2%In Ge/Si QD’s, T, can vary from 400 to 1200 K.

IV. DISCUSSION Our fitted values, 92840K for sample No. 1 and 1010
+50K for sample No. 2, are thus reasonable for the hopping
explanation.

Here we begin by discussing the result of sample No. 2, The irradiation dependence of hopping conductance in
as is relatively simple. Detailed examinations demonstrat&ig. 4 looks different from the peak behavior of the hopping
that the conductance of sample No. 2 follows a stretchedurrent versus the carrier density observed in Ge/Si QD’s, in
exponential equation which the maximum occurs when the conducting energy

A. Hopping conduction
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level is half-filled, as this maximizes the product of possibleNo. 1. We find that the sublinear dependence of the pre-NDC
initial and final states in hopping procésés a matter of conductance on the irradiation intensity can be well fitted by
fact, the photocarrier density in our case is far below thea power law

half-filling of the ground states of QD’s, which keeps the

final states of hopping processes almost always empty. This Gop'™*, 2

accounts for the proportional hopping conductance Versug, g 3s: 0.02, as shown by the solid lines in Fig. 4. To

the irradiation intensity. The above analysis indicates that thgettle the microscopic mechanism, we need to associate the

, . TR Mrradiation power with a conductive photocarrier concentra-
\;v:rlr?SIeQN% sztates are localized in individual dots, as Ntion. This is qomp_licated in prir_1cip|e, because, in qontrast to
" the good periodicity in 1D semiconductor superlattices, there
are large dots in our QDSL which result in localized states

B. NDC mechanism below the miniband mobility edg€:*#The photocarriers ab-

. . ) ) . sorbed by the miniband can thus be trapped into large dots,
As mentioned in Sec. Ill, the optical properties signify the,hich will lead to a reduction of conductive carriers. How-

e H H 17418
miniband formation in the 2D QDSL sample No."1.°The  gyer this trapping is effectively reduced by direct photoab-
temperature dependence of the pre-NDC conductance is coBgnyion in the large dots, because the low-pass filter extends
sistent with bandlike transport in 1D superlattié@$hen the _the irradiation spectrum down below the mobility gap. This

localization of QD states in sample No. 1, under an electriGs proyed by the fact that NDC is almost unobservable or
field, is a result of miniband destruction. This is similar 10 rather weak if a single-color resonant irradiation source is
the well-known Stark localization or electric-field-induced |,gaq. Although the detailed mechanism is not clear yet, we

electron localization in 1D semiconductor superlattices. may use this fact to suppose that the miniband carrier density
High mobility is expected from miniband transport under an, i proportional to the irradiation intensify. Accordingly,
weak electric field, while the mobility drops remarkably un- \ya nave the miniband mobility

der a strong electric field, since the hopping process has a
low probability?® In other words, the observed NDC of wxGlnen™®, 3)
sample No. 1 is the result of a change of the transport mecha-
nism from miniband conduction to hopping between local-in which G follows Eqg. (2). This relation, together with the
ized QD states. fitted power factora~0.35, is surprisingly identical within
As a necessary condition, the miniband width should beexperimental error to a well-explained observation in the in-
larger than the inhomogeneous broadening for both a 1Dersion layer of Si/SiQinterface:uxn™3in the case of a
superlattice and a 2D QDSL. According to the Stark local-negligible impurity density with respect to the carriéfghe
ization in 1D superlattices, the onset of NDC corresponds t&Xplanation in Ref. 27 is the scattering by acoustic phonons
the destruction of the miniband, which occurs at an electri®n the Si surface. In the present QDSL, undoped QD’s and
field F,, such that the average potential drop across supethe 10-nm undoped capping layer match the requirement of
lattice periodd is equal to the miniband width, i.e., F, ~ few impurities. Consequently, the miniband transport in the
=Al/ed, wheree is the electronic charge. Simply from this 2D QDSL is probably controlled by the scattering of some
criterion, the estimated miniband width of our QDSL is less2D phonons in the §,Ga ¢As/GaAs QD layer.
than 5 meV, which is much smaller than the inhomogeneous We shall now examine the validity of phonon scattering
broadening of a couple of tens of meV. To understand thi®y studying the temperature dependence of the pre-NDC
ambiguity, we think that, due to the 2D characteristics ofconductance. Theoretically, the first-order phonon-scattering
QDSL and the 1D electric field, the condition for 2D QDSL rate can be given simply by the golden ile
destruction is not as simple as that for 1D superlattices. Ad- 1 2 1
ditionally, it was found that Be doping in the capping layer, + _ <7 if|2 _
even as slight as-10*°cm™3, can destroy the minibarfd.It ¢ h % Mgl (eEph(“)’kT—l +1 ] B~ Ep(a)],
is suggested that the QDSL miniband is not robust against 4
lsoc\JArlneag |§Eulr(l))3a\;1 ((:fﬁ_vwcsr;nr::eere;kr: els ggé?riglaf?;delzgt;?nf;etgdsas;vhere E, is the energy difference from the initiél) to the

when changing the miniband, the critical field of the NDC isflnal (f) statesk is the B_oltzmann constang is the wave
almost independent of the irradiation power, well below theV/ector of the phonc_)nEph is the energy of the phonon, and
limit of effective exciton-exciton interaction for degrading the scattering matrix element

the miniband coherendé. The weak temperature depen- M= g (ileidT[f 5
dence of the critical field of the NDC suggests that the ther- q—aq<||e 1), ®
malization of carriers makes a small contribution in destroy~yherer is a position vectorg is the length ofg, and

ing the miniband at temperatures below 60 K.

Y2 (acoustic phonon

q
g™

N (6)
C. Miniband transport q

~1  (optical phonon

To study the miniband transport, we first analyze the irra-As an approximation, we introdudd, to present the total
diation dependence of the pre-NDC photocurrent of sampleontribution of all possibléi) and |f) states. In the mean-
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time, we convert the summation ovginto an integral. Then implies the self-consistency of our above argument of 2D
we have the overall scattering rate for one branch ofacoustic-phonon scattering in the miniband transport.
phonons:

D. Resonant tunneling

1
- 2 _ a—Epn(@)/KT
Tocquwa /(1—e " ). () What has not been discussed so far is the non-Ohmic

- st-NDC conduction of sample No. 1 at low temperatures.
Here we assume a negligible tempera?ure o_lependence a possible interpretation, we ascribe this to the resonant
Mg; then the temperature dependencerdé mainly deter-  ynneling between neighboring dots, which occurs easily be-
mined by the factor I exp(—Eyn/kT), but will somehow be 5,5 of the better dot-size homogeneity than in sample No.
mfl_uen_ced byMy. .Accordmg to the result pf phonon §cat— 2. Since the hoppindphonon-assisted tunnelings ther-
tering in QD's,My is governed byx, w2h8enq_|s small, while  maly activated, it will exceed the resonant tunneling at
it rapidly decays to zero whemis large™™ Owing to a lack of  pigher temperatures, as shown in Figb)3 The unchanged
knowledge about miniband wave functions, it is difficult to part of the post-NDC photocurrent of sample No. 1 at low

obtain the exachM . By mathematical examinations of vari- temperatures is in agreement with the weak temperature de-
ous forms ofM,, we learned that the calculated result from pendence of the resonant tunnelthg.

Eq. (7) can be well modeled by
o1 — e Epn/kT, ®8) V. CONCLUSION

whereE,, is a somewhat average value of the phonon en- In summary, we studied the in-plane photocurrent of dif-
ergy. One exception is the case of an acoustic phonon with fgrent self-assembled |6a _,As QD arrays under weak ir-
rapid decay oM, from q=0, which seldom happens due to radiation, with photon energies lower than the ban(_j gap of
a power-law increase af, in Eq. (6). the GaAs matrix. Hopping transport was ok_)served ina QD
Fitting the temperature dependence of the pre-NDC con@rfay with seyerely fI.uct_ugtlng dot sizes, indicating the I_opal—
ductance of sample No. 1 to E(), asGoucr, we find a  ization of carriers |n'|nd.|V|du§1I QDS. The '2D.QDSL exhibits
good match between theory and experiment, as shown by tife cléar NDC behavior in a limited electric-field range. The
dashed lines in Fig.(8). At the same time, the fittings yield Pre-NDC conduction is ascribed to miniband transport,
average phonon energies of 4.5—-6.6 meV. Such small valug¥hich is probably dominated by 2D acoustic-phonon scatter-
are hardly compatible with optical phonons, whose energie§?d- The same hopping conduction as that in isolated
in bulk GaAs and InAs are higher than 24 mé\Iin addition, ~SAQD’s was observed after NDC, suggesting that the ex-
as in bulk semiconductors, the optical phonon scattering ma{gnded miniband is destroyed by an electric field as low as
disappear much faster at low temperatures than acoustic 10°Vem™.
phonons® On the other hand, Raman scattering of acoustic
phonons in SAQD’s has been readily observet. It was
shown that acoustic-phonon modes in a 1D Ge/Si QDSL are
substantially enhanced with respect to the material without We would like to thank the Cryogenic Center of the Uni-
QD’s.*? Especially at low temperatures, acoustic-phononversity of Tsukuba for assistance in PL measurements. This
scattering was found to be the dominant mechanism of camwork was supported by a Grant-in-Aid for Scientific Re-
rier relaxation in QD’s> Accordingly, acoustic-phonon scat- search on the Priority Area “Single Electron Devices and
tering is more likely than optical-phonon scattering to be theTheir High-Density Integration” from the Ministry of Edu-
dominating mechanism. The 2D character of acoustication, Science, Sports and Culture, by the project of
phonons here may originate from the strain field in the planéAnalysis and Control of the Self-Organization Mechanism
of the 2D QDSL. of Substances and Materials” from the Science and Technol-
Equation (8) can be reduced to the simple relatign  ogy Agency, and by the program “Research for the Future”
«T~1 seen in Ref. 23 at sufficiently high temperatures. Thisfrom the Japan Society for the Promotion of Science.

ACKNOWLEDGMENTS

1I. E. Itskevich, T. lIhn, A. Thornton, M. Henini, T. J. Foster, P. °M. S. Sherwin, A. Imamoglu, and T. Montroy, Phys. Rev68,
Moriarty, A. Nogaret, P. H. Beton, L. Eaves, and P. C. Main,  3508(1999.

Phys. Rev. B54, 16 401(1996. V. A. Kul'bachinskil, V. G. Kytin, R. A. Lunin, A. V. Golikov, 1.
2M. Narihiro, G. Yusa, Y. Nakamura, T. Noda, and H. Sakaki, G. Malkina, B. N. Zvonkov, and Yu. N. Saf'yanov, Fiz. Tekh.
Appl. Phys. Lett.70, 105 (1997. Poluprovodn33, 316 (1999 [Semiconductor83, 318(1999].
SR. J. Luyken, A. Lorke, A. O. Govorov, J. P. Kotthaus, G. “A. 1. Yakimov, C. J. Adkins, R. Boucher, A. V. Dvurechenskii, A.
Medeiros-Ribeiro, and P. M. Petroff, Appl. Phys. Létt, 2486 I. Nikiforov, O. P. Pchelyakov, and G. Biskupski, Phys. Rev. B
(1999. 59, 12 598(1999.

4L. Chu, M. Arzberger, A. Zrenner, G. Bmn, and G. Abstreiter, 8A. I. Yakimov, A. V. Dvurechenskii, V. V. Kirienko, and C. J.
Appl. Phys. Lett.75, 2247(1999. Adkins, J. Phys.: Condens. Matt&t, 9715(1999.

085303-6



IN-PLANE PHOTOCURRENT OF SELF-ASSEMBLED . .. PHYSICAL REVIEW &4 085303

9A. I. Yakimov, A. V. Dvurechenskii, A. I. Nikiforov, and C. J. 22T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phygl, 445

Adkins, Phys. Status Solidi 218 99 (2000. (1982.
19G. s. Solomon, J. A. Trezza, A. F. Marshall, and J. S. Harris, Jr.23F, Capasso, K. Mohammed, and A. Y. Cho, IEEE J. Quantum
Phys. Rev. Lett76, 952(1996. Electron.QE-22, 1853(1986.
'IR. Provoost, M. Hayne, V. V. Moshchalkov, M. K. Zundel, and K. 24a_ sibille, J. F. Palmier, F. Mollot, H. Wang, and J. C. Esnault,
b» Eberl, Appl. thys. Lett75, 799(1999. Phys. Rev. B39, 6272(1989.
- Sakaki, Solid State Commu82, 119 (1994 25A. Ya. Shik, Fiz. Tekh. Poluprovod®, 1841(1974 [Sov. Phys.
T. Takagahara, Surf. S&267, 310 (1992 Semicond$8, 1195(1975]

1G. Markovich, C. P. Collier, and J. R. Heath, Phys. Rev. L&4f. 23, Lan, K. Akahane, K.-Y. Jang, T. Kawamura, Y. Okada, M.

15M38\(/)7A(\199& A1 Bibik. L. 1. Guri ich. S. V. G K Kawabe, T. Nishimura, and O. Wada, Jpn. J. Appl. Phys., Part 1
. V. Artemyey, A. |. Bibik, L. I. Gurinovich, S. V. Gaponenko, 38, 2934(1999.

and U. Woggon, Phys. Rev. 80, 1504(1999. 27 . .
16\, V. Maximov, A. F. Tsatsu'nikov, B. V. Volovik, D. A. Be- Hésiza‘g%s' Kawaji, T. Kuroda, and K. Nakamura, Surf. 3¢j.

darev, A. Yu. Egorov, A. E. Zhukov, A. R. Kovsh, N. A. Bert, V. 28T |noshita and H. Sakaki Phys. Rev.4B, 7260(1992.

M. Ustinov, P. S. Hop’ev, Zh. I. Alferov, N. N. Ledentsov, D. 29physi ¢ | )
Bimberg, |. P. Soshnikov, and P. Werner, Appl. Phys. Lé%. Physics of Group IV E'emer.1ts and [Il-v _Compoumt\kted by O.
Madelung, Landolt-Bmstein, New Series, Group I, Vol. 17,

2347(1999. )
175, Lan, K. Akahane, H. Z. Song, Y. Okada, M. Kawabe, T. Nish-__ Pt- a(Springer-Verlag, 1982
imura, and O. Wada, Phys. Rev.@, 16 847(2000. %0J. M. Ziman, Electrons and Phonon&Oxford University Press,
185, Lan, K. Akahane, H. Z. Song, S. Nishikawa, Y. Okada, 0.  Oxford, 1973, p. 438.
Wada, and M. Kawabe, J. Appl. Phy&8, 227 (2000 313, P. Huntzinger, J. Groenen, M. Cazayous, A. Mlayah, N. Bertru,
L. Geelhaar, J. Mauez, and K. Jacobi, Phys. Rev.@8, 15 890 C. Paranthoen, O. Dehaese, H. CeereE. Bedel, and G.
(1999. Armelles, Phys. Rev. B1, R10 547(2000.
207 M. Wang, L. Daveritz, and K. H. Ploog, Appl. Phys. Lef8,  32J. L. Liu, G. Jin, Y. S. Tang, Y. H. Luo, K. L. Wang, and D. P. Yu,
712 (2002. Appl. Phys. Lett.76, 586 (2000.
214, wano, S. Zaima, T. Kimura, K. Matsuo, and Y. Yasuda, Jpn. J33p, Hawker, A. J. Kent, and M. Henini, Appl. Phys. Letg, 3832
Appl. Phys., Part B3, 7190(1994. (1999.

085303-7



