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InA s quan tu m dots grow n on GaA s substrat e w ere investigated by opti -
cal spectroscopy . W e particula rly emp hasized on the photolumin escence in-
tensity , the stabili ty of the photolumi nescence intensity versus temp eratures

and w avelength of the I nA s dot emission at various thermal treatments and
di ˜erent structures. W e found that hydrogen can strongly passiv ate nonra-
diative centers w ithout causing any structure degradatio n, and both n - and
p -typ e mo dulatio n doping can reduce the decrease in the photolumi nescence

intensity w hen the sample temp erature increases from the helium temp era-
ture to room temp erature. T he emission wavelength and the e£ciency of the
I nA s quantum dots can also be manipul ated by choosing prop er materials

of cap layer.

PAC S numb ers: 78.67.H c, 78.55.C r

1. I n t rod uct io n

A quantum box is an ideal structure to expl ore quantum conÙnement, ra-
di ati ve recom binatio n, carri er relaxa ti on and m any other funda menta l physi cal
phenom ena, since the electroni c structures can be theo reti cal ly predi cted. There-
fore, research on quantum dots (QD s) has becom e an extrem ely acti ve Ùeld, not
onl y due to the funda menta l physi cs, but also because there are great potenti als
for opto -electroni c appl icati ons of the dot structures , such as 1 : 3 ñ m lasers in
tel ecom muni cati on. It has been shown tha t quantum dot lasers can operate at
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very low thresho ld current density and can exhi bi t high stabi l i ty wi th tempera-
ture. The properti esof QD s, such as the electroni c structures , emission wa velength,
relaxa ti on and decay ti mes have been reported [1{ 7], as well as the InAs dot ap-
pl icati ons to e.g. laser devi ces [8, 9]. Exp erimenta l results show tha t the shape
and size of InAs dots stro ngly depend on the growth condi ti ons such as substra te
tem perature, growth rate, cappi ng layer and nom inal InAs thi ckness [1, 10]. Since
the conÙned energies of electrons and holes in dots are determ ined by the shape,
size and stra in distri buti on, the emi tti ng wa velength from InAs dots can be tuned
by changing the growth condi ti ons. In order to f abri cate the InAs dots laser at
the emission wa velength of 1 : 3 ñ m , i t is not only needed to kno w wha t inÛuences
the emission wa velength, but i t is a lso importa nt to obta in high e£ ciency of the
radi ati ve recombi nati on f rom the InAs QD s. A hi gh e£ ci ency of radi ati ve recom bi-
nati on leads to a hi gh opti cal gain. Furtherm ore, i t is desired to obta in large value
of the so-cal led T 0 whi ch quanti Ùes the tem perature stabi l i ty of semiconducto r
lasers.

The aim of thi s work is to investi gate how the opti cal properti es of the InAs
dots can be mani pul ated, such as how the wavel ength of the InAs QD s emission can
be tuned, how the e£ ciency and the stabi l i ty of the photo lum inescence intensi ty
from the InAs QD s can be im pro ved. The post-growth trea tm ents have also been
carri ed out to study whether nonradi ati ve centers can be suppressed.

2. Sam pl es an d exp er im ent

Sampl es used in thi s inv estigati on were grown in an EPI9 30 sol id source
m olecular beam epita xy system on semi-insul ati ng (001) GaAs substra tes, wi th a
substra te temperature of 5 1 0 £ C and a nominal InAs thi ckness either 3 m onolayer
(ML) or 3.5 ML. A 50 nm GaAs bu˜er layer wa s Ùrst grown at a tem perature of
5 8 0 £ C, then the growth was interrupted and the substra te tem perature was ramped
down to 5 1 0 £ C. The InAs QD s were form ed at a growth rate of 0 : 1 ñ m / h. Three
sets of sampl es were grown for thi s study . The Ùrst set of sam pl es was di rectl y
grown on GaAs bu˜er, the di ˜erence is the thi ckness and In concentra ti on of the
In x Ga1 À x As inserti on layer between the InAs layer and the Ùnal 200 nm GaAs cap
layer. The second set of sampl es wa s tha t the InAs QD s layer di rectl y grown on
GaAs bu˜er layer, then 200 nm GaAs wa s fol lowed. The only di ˜erence is tha t the
10 nm doping layer in GaAs barri er wi th 10 nm GaAs space layer was intro duced.
The InAs layer for the thi rd set of sampl eswas grown on Al 0 :2 Ga0 :8 As bu˜er layer,
whi le the di ˜erent thi ckness of the In x Al 1 À x As plus 3 nm In x Ga1 À x As layers were
fol lowed, and Ùnal ly a 200 nm Al 0 : 2 Ga0 :8 As layer was grown. Al l sam ples used
here are summari zed in Tabl e, and the structures are i l lustra ted in Fi g. 1.

The size and density of InAs dots were characteri zed by AFM m easurem ents
wi tho ut cappi ng layer. Fi gure 2 shows a typi cal AFM image pi cture for the InAs
QD s grown on GaAs bu˜er. The latera l size of QD s is about 45 nm and the height
is about 8 nm . The dot densi ty is about 2 : 5 È 1 0 1 0 =cm 2 .
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TA BLE

The samples used in this study , A , B, and C represent the Ùrst, second, and
third sets of samples, respectively , as illustrated in Fig. 2, L represents the
thic kness of InGaA s or InA lA s layer, x represents indiu m concentration, and
t is the interrupting time.

Samples L x t Doping concentration Ref . no. of sample

A 1 0 M L 0 0 0 MB E318

A 2 10 ML 0.40 0 0 MBE336

A 3 7 ML 0.40 0 0 MBE348

A 4 30 ML 0.20 0 0 MBE334

A 5 0 ML 0 0 0 MBE4 91

A 6 0 ML 0 5 min MBE492

B1 0 0 MBE444

B2 0 n = 5 È 1 0
1 8

= cm3 MBE503

B3 0 p = 1 È 10 1 9 =cm 3 MBE505

C 1 0 ML 0 0 0 MBE495

C 2 2. 4 ML 0.17 0 0 MBE496

C 3 4. 8 ML 0.17 0 0 MBE498

Fig. 1. Schematic pictures of the samples used in this investigation.

Pho tolum inescence (PL) m easurem ents were carri ed out at room tempera-
ture f or al l spectra tha t were shown in thi s study . A doubl e grati ng m onochro m ator
and a l iqui d ni tro gen cooled Ge-detecto r were used to di sperse and detect the InAs
QD s emission. An Ar + laser and an Ar + laser pum ped tuna ble sapphi re:Ti solid
state laser were used as the exci ta ti on sources.
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Fig. 2. 1 È 1 ñ m A FM image of a sample grow n under the same condition as the

samples used in this investigation, but w ithout a cap layer.

Parts of sam pl es were trea ted by dc-hydro gen plasma. The sam ples were
m ounted on a heater block whi ch can contro l the sampl e tem perature of T 0 wi th
2 £ C accuracy, and placed 10 cm downstrea m from the plasma wi th a bi as vol tag e
of 300 V. The pressure of the pl asma was 1.8 m bar. The dura ti on of H-pl asma
trea tm ent was t 0 . The two tem perature (T 0 ) of 1 5 0 £ C and 2 5 0 £ C were used and
the dura ti on ti me of trea tm ent ( t 0 ) was 15, 30, 60, and 120 minutes, respectively.

3. R esul t s an d d iscu ssio ns

It has been concl uded tha t i t is di£ cult to real ize 1 : 3 ñ m emission by di rectl y
cappi ng the InAs QD s wi th a GaAs layer [1]. Ho wever, the emission wa velength
from InAs dots can be tuned by inserti ng an In x Ga1 À x As layer between the InAs
dots and the GaAs cap layer [10], since the InG aAs layer can stro ngly suppress the
In segregati on from the InAs dots, resulti ng in a much less decrease in the InAs
QD s height. In Fi g. 3 we show the e˜ect of the InG aAs inserti on. At a constant
In concentra ti on, the wa vel ength of the InAs dot emission shows a red-shift wi th
increasing the thi ckness of the inserti on. Both the thi ckness and indi um concentra -
ti on inÛuence the wa velength of the InAs dot emission. By adjusti ng the thi ckness
and indi um concentra ti on, we can easily achi eve 1 : 3 ñ m emission, for exampl e, as
shown from the PL spectra of sampl es A3 and A4 in Fi g. 3. The InAs PL spectra
in Fi g. 3 show two tra nsiti on peaks, whi ch inv olve the Ùrst (l ow energy peak) and
second (hi gh energy peak) conÙned electron states in the QD s. W i th increasing the
exci ta ti on power, the relati ve PL intensi ty of the tra nsiti on invol ving the second
electron state increases due to increase in electron popul ati on of thi s level.
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Fig. 3. PL spectra for samples A 1, A 2, A 3, and A 4, measured at ro om temp erature

w ith the excitation pow er of 150 mW and an excitation w avelength of 514.5 nm.

The emission wavel ength of the InAs QD s can be m anipul ated as discussed
above. However, the intensi ty of the InAs QD s after the InG aAs inserti on does
not signiÙcantl y increase, in many cases the PL intensi ty decreases as can be
seen in Fi g. 3. In order to enhance the opti cal gain, i t is desired to obta in a
hi gh PL e£ ciency for laser structures . It is kno wn tha t nonradi ati ve centers in
the GaAs region and the interf ace defects between InAs/ GaAs or InAs/ InG aAs
can strongly reduce the e£ ciency of the radi ati ve recom bina ti on from the InAs
QD s. It is di£ cul t to elim inate the nonra diati ve centers in GaAs region by sim ply
m odi fying the structure s. Ho wever, the interf ace defects m ay be suppressed by
intro duci ng a tunnel ing barri er. T o i l lustra te the existence of the interf ace defects,
Fi g. 4 shows the PL spectra from two sam ples A5 and A6. The tw o sam ples have

Fig. 4. PL spectra for samples A 5 and A 6, measured at ro om temp erature w ith the

excitation pow er of 150 mW and an excitation w avelength of 514.5 nm.
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exactl y geom etri c structure and growth condi ti ons, except tha t sampl eA6 conta ins
an interrupti on between the InAs and the GaAs cap layer. The interrupti ng ti me is
5 m inutes. W hen the interrupti on ti me becomes longer, there is a hi gh probabi l i ty
to create m ore interf ace defects, and consequentl y the PL intensi t y of the InAs QD s
wi l l decrease. Thi s fact is clearl y shown in Fi g. 4. The PL intensi ty of the InAs QD s
wi th 5 minutes interrupti on is about a factor of 20 lower tha n the one wi tho ut the
interrupti on. In order to suppress the interf ace defects we m ay intro duce a barri er
between the InAs layer and GaAs layer such as InAl As. In thi s case, the carri ers
generated by photo n-excita ti on from the GaAs region in the to p side of the InAs
layer wi l l be selectivel y stopped to intera ct wi th the interf ace defects by InAl As,
since the Ùrst few monolayers of InAl As wi l l only cover the region wi tho ut any
InAs QD s (i .e. only InAs wetti ng layer region), but not InAs dots part, at least
the thi ckness whi ch covers the InAs QD s region is much smal ler tha n one whi ch
covers the InAs wetti ng layer region. Theref ore the carri ers can sti ll be tra pped in
the InAs dots region, but the carri ers can be su£ cientl y stopp ed to be tra pped in
the region wi tho ut InAs QD s. T aking into account tha t the InAs QD s onl y cover
10 to 20% of who le surface and much slower carri er tra ppi ng in the InAs QD s tha n
in the InAs wetti ng layer region, the intensi ty of the InAs QD s emission wi l l be
stro ngly enhanced due to the suppression of the intera cti on between the photo n
generated carri ers and the interf ace defects, as shown in Fi g. 5. The enhancement
is strong, about factor of 100 when a 4.8 ML InAl As inserti on was intro duced in
the case shown here.

Fig. 5. PL spectra for samples C 1, C 2, and C 3, measured at ro om temp erature w ith

the excitation pow er of 150 mW and an excitation w avelength of 514.5 nm.

The second way to suppress the nonra diati ve channels is the post-growth
trea tm ents. It is general ly kno wn tha t hydro gen can passivate shal low im puri ties,
deep levels and defects. Some of them can be nonra diati ve centers, such as deep
level charge defects and dangl ing bonds. W e have trea ted the sam ples by hydro gen
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Fig. 6. PL spectra for samples A 2, measured at ro om temp erature w ith two di˜erent

excitation pow ers at an excitation w avelength 800 nm: (a) 130 mW, (b) 8 mW.

pl asma. Fi gure 6 shows a typi cal resul t before and after the hydro gen trea tm ents.
The PL spectra in Fi g. 6 are from sampl e A2 at tw o di ˜erent exci ta ti on powers.
The results clearl y show an enhancement of the to ta l PL intensi ty from the InAs
QD s after the H- pl asma trea tm ent. The H- pl asma trea tm ent at such low tem per-
ature does not cause any structura l modiÙcati on since there is no energy shift of
the InAs dots emission in Fi g. 6. The enhancement of the tota l PL intensi ty of
the InAs dots depends on the excita ti on power. At lower exci ta ti on power, we can
see tha t the enhancement is stronger. The enhancement of the PL intensi ty is due
to the H- passivati on of nonra diati ve channels in the structures , since the ther-
m al anneal ing in argon gas envi ronm ent of the sam e sam ples does not show any
change of the PL intensi ty . Furtherm ore, the H- passivati on of tho se nonra diati ve
channels can become acti ve again by norm al therm al annealing at tem peratures
above 4 0 0 £ C. The results show tha t the enhancement of the PL intensi ty af ter
H- pl asma trea tm ent depends on the exci ta ti on power, from about a factor of 12 at
the low exci ta ti on (about 3 m W ) to about a factor of 2 at the hi ghest exci ta ti on
power (about 130 mW ) used in thi s study . By caref ul ly analyzing the dependence
of the integ rated PL intensi ty , we can conclude tha t the nonradiati ve centers in
GaAs region are a m ain f actor whi ch causes the di ˜erent enhancement at di ˜erent
exci ta ti on, since the numb er of photogenerated carri ers wi l l decrease f aster when
the carri ers di ˜use a long distance i f the concentra ti on of nonradi ati ve centers is
hi gher. The integ rated PL intensi ty of the InAs QD emission versus tem peratures
and dura ti on of the hydro gen trea tm ent is summarized in Fi g. 7 for sam pl e A2 .
The resul ts show a m axi mum enhancement at the durati on ti m e around 15 m in-
utes, and the results wi th the sam ple trea ted at 1 5 0 £ C is better tha n one trea ted
at 2 5 0 £ C. W ith increasing the dura ti on ti m e, the PL intensi ty starts to decrease,
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Fig. 7. Integrated PL intensity of the InA s Q Ds from sample A 2 versus the duration

time of the hydrogen treatment at two temp eratures. PL spectra w ere measured at ro om

temp erature w ith excitation power of 15 mW and excitation w avelength of 514.5 nm.

whi ch is caused by surf ace damage duri ng the hydro gen plasma bombardm ent. The
surf ace dam age is pro ved by the X- ray m easurem ents, whi ch show the graduate
di sappeari ng of the f ringes wi th increasing the dura ti on ti me. Al l sampl es show a
sim i lar resul t as discussed above.

So far, we have shown two wa ys to im prov e the radiati ve e£ ciency of the
InAs QD s, and we have shown how to m anipul ate the emission wavel ength of the
InAs QD s. Now we see how the T0 , whi ch quanti Ùesthe temperature stabi l i ty of
semiconducto r lasers, can be im pro ved. Fi gure 8 shows the tem perature depen-
dence of the integ rated PL intensi ty of sampl es B1, B2, and B3, whi ch are the
undo ped, n -typ e doped and p -typ e doped InAs QD s structure s as i l lustra ted in
Fi g. 1, respecti vely. The intensi ty is norm al ized to the spectra measured at the
lowest temperature in the Ùgure. The resul ts clearl y show tha t the decrease in
the PL intensi ty versus tem peratures is m uch slower for the modulatio n-doped
structures . The decrease in the PL intensi ty wi th increasing the tem perature is
pro babl y mainl y because of the increasing contri buti on of nonradi ati ve recom bi-
nati on and the carri er escape due to the therm alizati on. The calcul ated data (l ines
in the Ùgure) shows the e˜ect of therm al izati on due to a sim ple tw o-level model.
The carri er concentra ti ons in the ground level (n 1 ) and the Ùrst exci ted level (n 2 )
have the fo llowi ng relati on:

n 1 + n 2 = n ;

n 2

n 1

= exp

˚

À

Â E

k T

Ç

;

n 1 =
n

1 + exp (À Â E = k T )
; (1)
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Fig. 8. T he relative PL intensity of the I nA s QDs from samples B1, B2 and B3 versus

temp eratures, measured w ith excitation p ower of 30 mW and excitation w avelength of

514. 5 nm. T he lines show the calculated results from Eq. (1).

where n i s the to ta l carri er concentra ti on, and Â E i s the energy separati on be-
tween the two levels. The l ines in Fi g. 8 are plotted as n 1

n
for Â E equal to 5 m eV

(co rrespondi ng to n -typ e doping, since there are electro ns in the InAs dots, the
escape of the photo n-generated carri ers wi ll be m ainl y due to hole level, whi ch is
in the order of 5 m eV), 60 m eV (corresp ondi ng to p -typ e doping, since there are
holes in the InAs dots, the escape of the photo n-generated carri ers wi l l be m ainly
due to electron level, whi ch is in the order of 60 meV), and the e˜ects from both
electrons and holes (correspondi ng to undoped structure ). If there is onl y therm al -
izati on e˜ect, the undo ped and n -typ e doped structures wi l l show a simi lar resul t.
From Fi g. 8 we can concl ude tha t the nonradi ati ve channels mainl y determ ine
the tem perature dependence of the PL intensi ty . Furtherm ore, the m odul ati on
doping can also suppress in a large degree the nonra diati ve centers, pro babl y due
to the change of Ferm i level. The resul ts also show tha t the structure wi th the
p - typ e dopi ng shows a better resul t, i .e. not onl y the nonra diati ve channels can be
suppressed, but also the carri er escape due to therm alizati on can be reduced.

In summary , we have presented a deta i led study on the InAs QD s grown
on GaAs substra tes. W e show how the emission wa vel ength, the e£ ciency of the
radi ati ve recom binati on and tem perature dependence of the PL intensi ty from the
InAs QD s can be m anipul ated by the post-growth trea tm ent and using pro per
structures . These f actors are the key param eters to fabri cate high qual i ty QD
laser.
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