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1. INTRODUCTION

In recent years, new approaches to the engineering
of heterostructures with quantum dots (QDs) for infra-
red (IR) photoelectric detectors (PDs) on the basis of
the InGaAs system have been suggested. Among the
approaches are the development of the heterostructures
such as QDs in quantum wells (QWs), superlattices of
QD layers, and structures with extra barriers and tun-
neling-coupled QWs [1–7]. The studies in this field are
carried out with the aim of extending the operating tem-
perature range of IR PDs, to enhance their sensitivity, to
reduce dark currents, and to extend the possibilities of
controlling the spectral regions. The above-mentioned
approaches involve the already developed processes of
fabrication of QDs and the processes of modification of
the regions surrounding the QDs. In this study, we dis-
cuss a new approach to the formation of QD structures
for IR PDs. The approach is based on the direct modifi-
cation of the arrays of QDs. For this purpose, we use the
procedure of overgrowing of QDs with alternation of
the temperature of growth of the GaAs barrier layers; in
addition, we use the increased equivalent thickness of
the InAs layer (

 

d

 

*) to form the QDs. Previously [8], we
observed a pronounced enhancement (30 times higher
intensity) of the line of longitudinal intraband photo-
conductivity around the wavelength 4.5 

 

µ

 

m as the
equivalent thickness of the InAs layer was doubled. As
the thickness 

 

d

 

* was increased further, we observed
two-color photoconductivity at the wavelengths 4.5 and
3 

 

µ

 

m. We consider these results to be a consequence of

the increase in the density of QDs and the formation of
an array of larger nanoislands at larger values of 

 

d

 

*. At
the same time, as far as we know, there are no studies
concerned with the application of such structures to the
development of IR PDs. As shown in [9–13], along with
the increase in the density of QDs with increasing 

 

d

 

*,
the dispersion of the QDs in size and the number of
large-sized relaxed defect InAs clusters increase as
well. This causes the photoluminescence (PL) line of
the QDs to broaden and to reduce its intensity. For this
reasons, such an approach is considered to have no
prospects for producing laser structures. However, as
noted in [8, 14], the performance criteria for laser struc-
tures, especially the intense PL signal, are inapplicable
to IR PDs, since high intraband photoconductivity can
be observed along with the low-intensity interband
PL signal. In this study, we have fabricated a series of
structures differing in the conditions of formation of
QDs and in the conditions of overgrowth of the QDs
with GaAs grown at relatively low temperatures. We
study the structural and optical properties of these samples
and perform the absolute calibration of their photosensi-
tivity in the vertical layout of electronic transport.

2. QD STRUCTURES: FABRICATION 
AND CHARACTERIZATION

The multilayered InGaAs/GaAs QD heterostruc-
tures were grown by metal–organic vapor-phase epit-
axy (MOVPE) at reduced pressure using an EPIQUIP
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µ
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×

 

 10

 

9

 

 cm Hz

 

1/2

 

 W

 

–1

 

.
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VP-502RP system. For substrates, we used the
GaAs (100) wafers, with the crystal cut tilted 2

 

°

 

 towards

the  direction. The structures consist of ten layers
of selectively doped InAs QDs separated by GaAs barrier
layers with thickness 60–90 nm. The doping 

 

δ

 

-Si layers
were formed at the distance of 2.5 nm under each layer
of QDs. The InAs QDs were grown at the reduced tem-
perature 480

 

°

 

C. Thereafter, the reactor was purged, and
the QDs were overgrown by a thin GaAs layer at the
same temperature of growth. After purging the reactor
a second time, the temperature was elevated to 600

 

°

 

C,
and the GaAs barrier layers were grown. The crucial
parameters here are the time 

 

t

 

* of growth of the QD or
the equivalent thickness 

 

d

 

* of the InAs layer. Of great
importance is also the choice of the time point, at which
the temperature has to be elevated. The “low-tempera-
ture” GaAs layer serves to conserve the QDs at further
elevated temperature. At the same time, this procedure
of growth involves the stage of dilution of large-sized
defect clusters, as suggested recently in fabricating
laser structures [15–18]. To analyze the samples by
atomic force microscopy (AFM), the QDs were formed
also at the surface of each structure and then overgrown by
the “low-temperature” GaAs layer under the same condi-

110[ ]

 

tions as those used in overgrowing the QDs within the
structure. The parameters of growth are listed in the table.

To study the structures, we used a number of meth-
ods, including AFM, X-ray diffraction (XRD) studies,
and PL measurements. The IR photoconductivity was
studied using an INFRALUM FT-801 Fourier spec-
trometer. For the source of IR radiation, we used a glo-
bar at the temperature 1000

 

°

 

C. The absolute calibration
of the photosensitivity was carried out with the use of
an ideal blackbody source at the temperature 600

 

°

 

C.

3. XRD ANALYSIS

Figure 1 shows the XRD rocking curves for struc-
tures numbered 1060 and 1061. For structures 1060 and
1061, at the constant flux of In atoms in the reactor, the
time of growth of InAs QDs 

 

t

 

* was 12 and 18 s,
respectively. For both structures, the time of growth
of the “low-temperature” GaAs layer was 20 s. In
structure 1061, the additional thickness-related contrast
is observed, suggesting that the secondary In

 

x

 

Ga

 

1 – 

 

x

 

As
layer appears on top of the “low-temperature” GaAs
layer and QDs. The numerical simulation of the XRD
data allows us to estimate the thickness 

 

d

 

2

 

 of this sec-
ondary layer and the compositional parameter 

 

x

 

2

 

 char-
acterizing the In content in this layer: 

 

d

 

2

 

 = 3.5 nm and

 

x

 

2

 

 = 9%. According to the XRD data, the thickness of
the “low-temperature” GaAs layer is 6 nm. Thus, in
structure 1061, the QDs are arranged between the two
thin layers with a higher In content, the wetting InAs
layer and the secondary In

 

x

 

Ga

 

1 – 

 

x

 

As layer, thus forming
a sandwich-like structure. It is worth noting that the
observation of the secondary In

 

x

 

Ga

 

1 – 

 

x

 

As layer by
transmission electron microscopy (TEM) and by high-
vacuum scanning tunneling microscopy (STM) of
cleaved surfaces was reported previously in [18] (TEM)
and [19] (STM). The above mechanism of MOVPE
growth is as yet poorly known [20], although it may be
of considerable interest for fabricating high-density
arrays of QDs.

4. AFM STUDIES

Figure 2a shows the AFM image of the surface of
sample 1060. In the image, we can see the overgrown
QDs of high density, with insignificant contrast, and a
few large-sized clusters. Among the QDs, there exist a

small number of objects extended along the 
direction, with depressions in the middle. The density of
the objects of this type is much higher in structure 1062, in
which the thickness of the “low-temperature” GaAs
layer is twice as small (Fig. 2b). From Fig. 2b, it can be
also seen that the QDs are ordered along the atomic
steps of the vicinal surface. In publications, the images
of this kind are referred to as “eye-like” patterns. The
formation of such patterns suggests that the process of
overgrowing the QDs occurs due to surface migration
of atoms along the atomic steps at the surface of the

110[ ]

 

Parameters of growth of the QD structures

Sample
no.

Time of growth
of QDs (

 

t

 

*), s

Time of growth
of low-temperature

GaAs layer, s

1060 12 20

1064 15 20

1061 18 20

1062 12 10

1063 12 30

 

61 62 63 64 66
2

 

θ

 

, deg

 

X

 

-r
ay

 in
te

ns
ity

, a
rb

. u
ni

ts

1061

1060

65 67

 

Fig. 1.

 

 XRD curves for structures 1060 and 1061.
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GaAs layer [21–23]. Therefore, at the early stages of
overgrowth, this process is anisotropic. In contrast to
the modes of overgrowth discussed in [22], under the
conditions used here, no dilution of QDs occurs at the
stage of overgrowth of the QDs by the “low-tempera-
ture” GaAs layer. Figure 2c shows the AFM image of
the surface of sample 1060 after additional annealing at
600

 

°

 

C. It is evident that cavities are produced at the
sites of large-sized clusters; i.e., the large-sized InAs
clusters not overgrown before annealing dilute on
annealing. This process is referred to as annealing of
defects. Recently, the process was coming into use for
manufacturing laser structures by molecular beam epi-
taxy (MBE) and MOVPE (see, e.g., [15–18]). In struc-
ture 1064, the number of large-sized clusters at the sur-
face is larger than that in structure 1060; however, even
in structure 1064, these clusters disappear on annealing
as well. Thus, annealing of defects makes it possible
also to reduce the number of defects in the structures
with the increased thickness 

 

d

 

* of the InAs layer. The
In atoms of diluted clusters diffuse over the surface of
the GaAs layer. As the barrier layer grows further, these
In atoms form the secondary InGaAs layer.

5. PHOTOLUMINESCENCE OF QDs

Figure 3 shows the PL spectra of structures 1060
and 1064 at 300 K. For structure 1060, the wavelength
corresponding to the basic transition in the QD, 

 

λ

 

0

 

, is
1.2 

 

µ

 

m. For structure 1064 (

 

t

 

* = 15 s), the spectrum
exhibits an addition PL line at 1.55 

 

µ

 

m, suggesting that
these are QDs larger in size; at the same time, the
PL intensity corresponding to small-sized QDs is much
lower. It should be noted that the 1.55 

 

µ

 

m line is
retained when the upper 0.2- 

 

µ

 

m-thick layer of GaAs is
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Fig. 2.

 

 AFM images of the surface of structures (a) 1060,
(b) 1062, and (c) 1060 after annealing.
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Fig. 3.

 

 PL spectra of structures 1060 and 1064 at 300 K. The
excitation wavelength and power are 514.5 nm and
100 mW, respectively.
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chemically etched off (in this case, both the surface
layer and the two layers of QDs below it inside the
structure are etched off). This result indicates that the
1.55 

 

µ

 

m line corresponds to large-sized QDs in the bulk
of the structure rather than to QDs at the surface, as was
observed, e.g., in [13, 24]. It is these QDs that are
responsible for the photoconductivity at the wavelength
around 3 

 

µ

 

m, as we observed in [8].

As the duration of overgrowth of the QDs by a “low-
temperature” GaAs layer is changed, the PL line of the
QDs shifts. The wavelength of the basic transition in
the QDs decreases to 

 

λ

 

0

 

 = 1.15 

 

µ

 

m as the GaAs layer is
made thinner, and increases to 

 

λ

 

0

 

 = 1.27 

 

µ

 

m with
increasing thickness of the GaAs layer; in both cases,
the intensity and width of the PL line change only
slightly. This proves that the height of the QDs depends
directly on the thickness of the “low-temperature”
GaAs layer. Thus, under the conditions of growth here,
not only large-sized defect clusters, but also the tops of
some large-sized coherent QDs can be diluted. The lat-
ter effect results in equalization of the array of QDs in
height. Such a role of overgrowth was mentioned for
the QDs at the surface in [25]. Due to this role, the over-
growth provides an additional means of controlling the
PL wavelength and the operating wavelength of IR
PDs. In addition, the overgrowth can yield an increase
in the aspect ratio, i.e., in the ratio of the height to lat-
eral dimension of the QDs. This effect is important for

enhancing the photosensitivity and reducing the dark
current of IR PDs [26].

Figure 4 shows the PL spectrum of the wetting layer
in structures 1060 and 1064 under different conditions
of excitation. On excitation with a cw Ar laser and a
high-power pulsed YAG:Nd

 

3+

 

 laser, the PL spectrum of
structure 1060 exhibits one line of the QW at the wave-
length about 914 nm (curves 

 

1

 

, 

 

3

 

). For structure 1064
excited with an Ar laser (curve 

 

2

 

), we observe the
930 nm line of the QW and a low-intensity short-wave-
length shoulder near 911 nm. The intensity of the short-
wavelength line at 911 nm becomes noticeably higher
when the sample is excited with the pulsed YAG:Nd

 

3+

 

laser (curve 

 

4

 

). This is due to the more efficient occupa-
tion of the upper levels. We believe that this result gives
supplementary evidence for the formation of the sec-
ondary InGaAs layer in the structure with larger 

 

d

 

*.
The PL lines observed for structure 1064 are related to
the levels in the two types of QWs, in the wetting InAs
layer and in the additional InGaAs layer. It should be
noted that the intensities of the PL lines of the QWs in
structures 1060 and 1064 are almost the same, suggest-
ing that, in structure 1064, the possible defects influ-
ence the PL signal only slightly.

6. ABSOLUTE CALIBRATION 
OF IR PHOTOCONDUCTIVITY

In order to study the vertical photoconductivity, we
fabricated several QD structures at conducting sub-
strates; the structures differed in the thickness 

 

d

 

* of the
equivalent InAs layer. In this case, we observe the same
tendency in the evolution of the vertical photoconduc-
tivity with increasing 

 

d

 

* as that noticed previously in
analyzing the longitudinal photoconductivity [8]. At
larger 

 

d

 

*, the photoconductivity is higher, and at the
same time, the signal-to-noise ratio is noticeably
improved. For the structure similar to structure 1064,
the power–voltage sensitivity is 2 

 

×

 

 10

 

4

 

 V/W in the
wavelength range 3–6 

 

µ

 

m at the temperature 90 K (the
power–current sensitivity is 0.5 A/W), and the specific
detectivity is 3 

 

×

 

 10

 

9

 

 cm Hz

 

1/2

 

 W

 

–1

 

. This result is highly
competitive with the best data obtained for QD struc-
tures grown by MOVPE [27].

7. CONCLUSIONS

By analogy with the known term “QDs in a QW”,
the structures studied here can be referred to as “QDs in
a sandwich”. The procedure of growth discussed above
makes it possible to format high-density arrays of QDs,
with a uniformly distributed height and a large aspect
ratio. The procedure makes it possible to control the
basic electronic transition in the QDs by varying the
thickness of the overgrowing layer. The “low-tempera-
ture” GaAs layer (apparently of the 

 

p-

 

type) serves as an
extra barrier to reduce the dark current in the case of
vertical charge transport. The studies of the photosensi-
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 PL spectra of structures (

 

1

 

, 

 

3

 

) 1060 and (

 

2

 

, 

 

4

 

) 1064.
Curves 

 

1

 

 and 

 

2

 

 refer to excitation with an Ar laser
(514.5 nm) and curves 

 

3

 

 and 

 

4

 

 to excitation with a
YAG:Nd

 

3+

 

 laser (532 nm).
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tivity and detectivity show that such structures offer
promise as IR detectors.
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