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W e repor t t he te mp erat ure dependen ce of lateral inf rared photo conduc -
ti vit y in multilayer I nGa As/GaA s heterostructures with selectively doped
quantum dots fabricated by metalor ganic chemical vapor dep ositi on. T w o
spectral lines of normal- inci dence intersubband photo condu ctivi ty ( 90 meV

and 230 meV ) and a line originati ng from interband transition s (930 meV )
w ere observed. The photo conducti vi ty line 230 meV is revealed up to the
temp erature 140 K . T he long- wavelength photo conducti vi ty line 90 meV is

quenched rapidly at the temp erature 30 Ë 40 K owing to redistributi on of
photo excited carriers betw een small and large dots. T he obtained results
conÙrm the hyp othesis about bimo dal distribu tio n of quantum dot sizes.

PAC S numb ers: 78.30.Fs , 78.55.C r, 78.66.Fd

1. I n t rod uct io n

Zero-dim ensional quantum dot (QD ) nanostructures have attra cted an in-
creasing attenti on in the last years due to thei r uni que pro perti es and potenti al
devi ce appl icati ons, such as photo detecto rs and lasers. Quantum dot pho to detec-
to rs have several advanta ges over quantum wel ls photo detecto rs, in parti cul ar,
hi gh l i feti m e of photo exci ted electro ns due to reduced pho non scatteri ng (pho non
bottl eneck e˜ect) [1, 2]. Thi s pro vi des potenti al ly more e£ cient detecti on and
hi gh- temperature operati on. Furtherm ore, unl ike quantum wel ls, QD s are sensi-
ti ve to norm al ly inci dent radiati on owi ng to relax polarisati on selection rul e. Pri -
m ari ly photo conducti vi ty (PC) of QD s hetero structure s was inv estigated wi th a
verti cal electron tra nsport. It was revealed tha t In GaAs / GaAs QD structures de-
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tect m id- and far IR radiati on (4À 2 0 ñ m) [2{ 8]. Later, i t was shown tha t a latera l
carri er tra nsport can resul t in the im pro vement of the devi ce perform ance, whi ch
is attri buted to the longer carri er l i feti me as com pared to verti cal one [9, 10]. In
such a case, the carri er tra nsport occurs along the wetti ng layer or the neigh-
bori ng channel wi th hi gh electro n m obi l it y. Recentl y we have reported the pi lot
exp eriments wi th latera l intersubba nd photo conducti ve m ul ti layer InG aAs/ GaAs
hetero struc ture s wi th selecti vely doped QD s fabri cated by meta lorganic chemi-
cal vapor depositi on (M OCVD ) [11]. In thi s paper we present the tem perature
dependence (T = 8 Ë 1 5 0 K) of latera l infrared photo conducti vi ty .

Opti cal properti es of QD s depend on thei r size and shape, whi ch can be
vari ed by thei r growth condi ti ons. Ato m ic force microscopy (AFM) is known as
an inform ati v e m etho d for inv estigati on of QD arranged on surface. Ho wever,
overgrowth of QD s wi th a semiconducto r layer results in changes of thei r latera l
sizes and height, com positi on and surface densi ty due to parti al dissolvi ng of QD s
in cap- layer and ri se non-uni form stra in Ùelds around them . T ransmission electron
m icroscopy (T EM) is one of m ain m etho ds of characteri zati on of buri ed QD s, but
non-uni form stra in around QD s and wetti ng layer leads to considerable errors of
m easurements. Theref ore i t has been suggested to reconstruc t sizes of overgrown
QD s by deconvolutio n of sizes from energy levels found from m easurements of
photo lum inescence spectra [12]. In Refs. [13, 14] the autho rs propose to use the
tem perature dependence of dark current and IR absorpti on in order to ta ke account
of nonradiati ve tra nsiti ons for randomly distri buted sizesof QD s. In thi s work i t is
shown tha t tem perature dependence of photo conducti vi ty also al lows to determ ine
nonradi ati ve tra nsiti ons and to analyse QD sizes distri buti on.

2. Ex p er im ent

The InG aAs/ GaAs QD s were grown in low pressure MOCVD reacto r on
semi-insul ati ng (100) GaAs substra tes. An acti ve region had 10 layers of InG aAs
QD s separated by 90 nm of GaAs. The £ -doped wi th Si layers were 2.5 nm beneath
the QD layers. The QD layers and thi n GaAs cap layers were grown at 4 8 0 £ C, the
90 nm GaAs barri er layers were grown at 6 0 0 £ C after Ûushing the sources and inter-
rupti ng the growth. X- ray di ˜ra cti on, photo lum inescence, ato mic force and tra ns-
m ission electron m icroscopy were appl ied to Ùnd the opti m al growth condi ti on and
to characteri ze m ulti layer QD structures. Accordi ng to TEM cross-section mea-
surements the QD s have a lens shape geom etry wi th a typi cal height of 2.5{ 3 nm
and a latera l size of 20 nm . Hei ght hi stogram obta ined by AFM on the reference
sam ples (wi th QD s on the surf ace) shows two typi cal values (4 nm and 6 nm ).
La tera l size to height ra ti o (k ) of QD s pl aced on surface is equal to 3{ 4. El ectron
and energy spectra of such QD can be calcul ated accordi ngly to [15]. The QD s
have a few excited electro n states. On the other hand, TEM cross-section shows
buri ed QD s wi th a su£ cientl y low height 2.5{ 3 nm and k = 7 { 8. As the autho rs
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of [14] we assume tha t duri ng the growth of GaAs over- layer adato m s at the QD
apex m igrate to the side of dots and thei r height reduces. Lens shaped QD wi th a
latera l size of 20 nm has only ground electron level.

Pho toresponse measurements were perf orm ed for norm al incident light wi th
latera l electro n tra nsport. Pho to conducti ve spectra were obta ined using Fouri er
spectrom eter BOMEM wi th a globar source.

3. R esul t s

Fi gures 1 and 2 displ ay the resul ts of the measurements. Fi gure 1a,b shows
the tem perature dependence of the PC spectrum in the two spectra l regions ob-
ta ined using KR S and CaF 2 Ùlters. Two spectra l l ines of intersubba nd PC (90 m eV
and 230 m eV) and a l ine originati ng from interba nd tra nsiti ons (930 m eV) were
observed. The tem perature of measurements was vari ed from 8 K to 150 K. Peaks
value of these PC l ines as a f uncti on of tem perature is shown in Fi g. 2. The
long-wa velength l ine 90 meV (Ñ = 1 4 ñ m) was the most intensi ve. Thi s signal
di sappears when the temperature was increased up to 30{ 40 K because of therm al
escape of charge carri ers out of the shal low levels. The addi ti onal mechanism of
quenchi ng is discussedbelow. The com pl icated form of the spectra l response curves
in these regions may be caused by an appreci able inÛuence of opti cal phonons as
i t is supp osed in [16, 17].

Fig. 1. PC spectra at di ˜erent temp eratures measured with Ùlters: (a) K RS- 5 (in the

range from 40 meV to 500 meV transmission is equal to 6 5 Ë 70 % ) ; (b) CaF 2 (in the

range from 180 meV to 1200 meV transmission is equal to 95%).
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Fig. 2. Maximum values of the three PC lines as a function of temp erature.

PC signal in the region 230 m eV (Ñ = 5 : 4 ñ m) was observed in tem per-
ature range from 30 K to 140 K. Two sim i lar groups of PC l ines (80 m eV and
180 meV) was found in [16] for m ul til ayer structure s wi th QD s wi th a base diam -
eter of 18 nm and height of 2.5 nm . Autho rs of [16] connected i t wi th the three
conÙnement levels in QD and addi ti onal inÛuence of S - and P -polarizati on of inci-
dent radiati on. At the sam e ti m e Fi g. 2 shows expl icit therm o-acti vated behavi or
of the PC l ine at 230 m eV. At tem peratures below 30 K the signal is absent, thi s
testi Ùestha t deeper levels are not occupi ed. In our opi nion these data conÙrm the
assumpti on of our wo rk [11] about bim odal distri buti on of QD sizes in the struc-
tures based on technological growth condi ti ons. The sim ilar bim odal distri buti on
wa s reported in [12, 18]. Small QD s determ ines long-wavelength signal at 90 m eV.
The large QD s are apparentl y separated by addi ti onal energy barri er of about
2{ 3 m eV (correspondi ng to the tem perature 30 K), theref ore thei r occupati on has
the therm o-stim ulated behavi or and they are not occupied at low tem perature.
It can be noted tha t TEM cross-secti on shows tha t QD image contra st is almost
sym m etri c relati vely to wetti ng layer. It is probably owi ng to the elasti c stra in of
GaAs layer around the QD s [15]. At present we cannot determ ine the di ˜erence of
stra in value around the smal l and large QD s. W e bel ieve tha t the stra in of GaAs
layer is just the m ost probable reason of occurrence of the 2{ 3 m eV barri er. At
tem perature above 30 K electro ns overcom e thi s barri er and occupy deep levels
in the large dots causi ng PC signal in region near 230 m eV. It should be noti ced
tha t therm o-acti vated mechanism of the occupati on of the states in the large dots
leads to competi ng of occupati on of dots wi th di ˜erent sizes in these tem perature
ranges. Smal l QD s (and shal low levels) are getti ng empty qui ckly. As a result the
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long-wa velength PC l ine 90 m eV is quenched rapi dly at the tem perature 30{ 40 K
as is seen at Fi g. 2.

The shortest- wa velength line in the IR PC spectrum in Fi g. 2b about 930 meV
(1.33 ñ m) ori ginates from interba nd tra nsiti ons in large QD s. The tem perature de-
pendence of thi s l ine has acti vated behavi or wi th the same acti vated tem perature
as for the l ine at 230 m eV. Photo exci ted electro ns have to overcom e the same
barri er 2{ 3 meV to get state in wetti ng layer or GaAs barri er layer. The quench-
ing of PC l ine 930 m eV occurs in a narrow tem perature range near 80 K. In our
opi nion it can be caused by stro ng increase in recom binati on rate for interba nd
tra nsiti ons when tem perature is above 80 K and quick decrease in l i feti me of pho-
to exci ted carri ers. It is known tha t narro w-band semiconducto r photo detecto rs
have funda menta l l im ita ti on on wo rki ng tem peratures about 80 K owi ng to the
Aug er recombi natio n. In the case of intra band tra nsiti ons in QD s there is no thi s
l im ita ti on as can be seen in Fi g. 2.

4. Su m m ar y

W e ha ve studi ed the tem perature dependence of latera l inf rared pho to-
conducti vi ty in m ulti lay er InG aAs/ GaAs hetero struc ture s wi th selectivel y doped
quantum dots. Two spectra l lines of norm al -inci dence intersubba nd PC (90 m eV
and 230 m eV) and a l ine originati ng from interba nd tra nsiti ons (930 m eV) were
observed. Therm o-acti vated behavi or of IR PC was observed for l ines 230 m eV
and 930 m eV. It can be reasonabl y expl ained by a bi modal distri buti on of dot
sizes and exi stence of energy barri er for large dots. In our opini on, thi s barri er
ri ses due to stra in around QD s. Therm o-acti vated m echanism of the occupati on
of the states in the large dots result in com peti ng popul ati on of deep and shal low
levels. As a result the long-wa velength PC l ine 90 meV is quenched rapidl y at the
tem perature 30{ 40 K. The obta ined resul ts dem onstra te also tha t tem perature
dependence of photo conducti vi ty al lows to determ ine nonra diati ve tra nsi ti ons and
to analyse QD size di stri buti on.
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