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I. ABSTRACT

The study, fabrication and characterization of an infrared photodetector based on GaAs
droplet epitaxy quantum dots embedded in Aly3Gag7As barrier is reported. The high con-
trol over dot electronic properties and the high achievable number density allowed by droplet
technique permitted us to realize a device using a single dot layer in the active region. More-
over, thanks to the independent control over dot height and width, we were able to obtain
a very sharp absorption peak in the thermal infrared region (3-8 pum). Low temperature
photocurrent spectrum was measured by Fourier spectroscopy, showing a narrow peak at
198 meV (~ 6.3 pum) with a full width at half maximum of 23 meV. The observed absorption
is in agreement with theoretical prediction based on effective mass approximation of the dot

electronic transition.

II. INTRODUCTION

In recent years the market of infrared (IR) devices is continuously growing, pushed by
the great number of applications in commercial, public, military and academic domains.
However, the further development of IR sensors for imaging purposes is closely linked to the

development of a new generation of sensor: the “third generation”?.

This new generation should provide photodetectors with enhanced capabilities such as
larger number of pixels, higher frame rates, better thermal resolution and multispectral
functionality. In the IR region four major photodetector technologies are developing mul-
tispectral capabilities: the HgCdTe photodiodes, the quantum well (QWIP) and quantum
dot (QDIP) infrared photodetectors and antimonide based type II superlattice photodiodes?.
The last three technologies are based on quantum heterostructures, making them suitable for
easy integration in present technology. Monolithic silicon integration of both As and Sb ma-
terials, at the basis of the three technologies, have been already demonstrated®®. Between
these, bulk HgCdTe is at present times the most advanced technology, with better overall
performances and a wide and tunable detection window®. However, QDIP photodetectors
are emerging as a promising technology, due to the high control over transition energies
originating from 3D carrier confinement and the absence of limiting selection rules, which

hinder the widespread use of QWIP technology®”. The active part of these detectors consists



of multiple layers of self-assembled quantum dots (QDs) embedded in a barrier layer with a
larger band gap for carrier confinement in three dimensions. QDs are usually self-assembled
via the Stranski-Krastanov (SK) growth mode, which exploits the strain induced by lattice
mismatch between substrate and epilayer to assemble the nanostructures®’. However, there
are several drawbacks which need to be overcome before SK-QD based QDIPs may become
the leading technology in the thermal infrared (TIR) range. The main disadvantage of SK-
QDIPs is related to the large size dispersion which broadens the absorption spectrum and
subsequently lowers quantum efficiency!®. The other drawbacks, related to the growth pro-
cess, are the presence of strain-related defects and of a wetting layer which lowers the carrier
confining barrier. Most of these shortcomings can be overcome by using droplet epitaxy
(DE), an alternative technique to grow self-assembled QDs in lattice-matched materials.
The much higher control over the dot nucleation process allows to tune independently QD
geometry, width, thickness and density and to achieve a lower size dispersion!!, which leads
to a higher absorption coefficient and a narrower bandwidth. These advantages make DE
a very interesting technique to grow quantum dots, in particular for photodetectors where
high absorption coefficient and narrow bandwidth are required. In this paper we present the

first example of working QDIP for TIR detection based on GaAs/Al3Gag7As DE-QDs.

IIT. EXPERIMENTAL PROCEDURE

The growth was performed in an MBE system, starting from an intrinsic double polished
2”7 GaAs-(001) substrate. The structure consists of an active region sandwiched between
two contact layers. The bottom contact consists of a first layer of 1.5 pm Si-doped GaAs
layer with a nominal doping of 2 - 10'® cm ™3, followed by 100 nm of Si-doped Aly3Gag7As
with a nominal doping of 3- 10" cm~3. The active region is made of 700 nm thick intrinsic
Alp3Gag7As layer in which, at the center, a single GaAs QDs layer is embedded. The
QDs, grown by droplet epitaxy, are filled by an underlying §-doping layer positioned 3 nm
apart from the QDs, providing nominally 6 electrons per dot. QD growth conditions were
optimized to obtain the desired size and density by growing a series of uncapped samples
and characterizing them by AFM, performed in tapping mode and using a tip with a lateral
resolution of 2 nm. Following the intrinsic region, 100 nm of Si-doped Aly3Gag7As with a
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doping of 3 - 1017 cm™3 were grown. Finally, 1 um of n doped GaAs with a doping density
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of 2-10'® cm ™2 was deposited as a top contact.

More in details, the growth rate was kept at 0.5 ML/s for the GaAs and 0.71 ML/s for
the AlGaAs layers, the substrate temperature was set to 580°C and 650°C for GaAs and
AlGaAs, respectively. QDs were grown by depositing 3ML of Ga at a rate of 0.1 ML/s with a
substrate temperature of 180°C. At the same temperature the crystallization was performed
by supplying As at a beam equivalent pressure of 5- 107> Torr. After the growth, standard
photolithography was used for structuring the device. Mesa etching was done by a wet
approach, using an H3PO4:H504:H50 solution with 1:2.5:8 relative concentrations. Metal
contacts were finally deposited by e-beam evaporation using a stack of Ge(26 nm)/Au(54
nm)/Ni(15 nm) and annealed at 420°C for 5 s in Ar forming gas, in order to get ohmic
contacts as confirmed by I-V measurements. The device structure is shown in figure 1.

For optoelectronic characterization at cryogenic temperatures, the devices were contacted

by wire bonding and mounted in a cryostat.

7.8 nm

0.0 nm

FIG. 1: Design of the device, where different materials are represented by different colors:
gold for the contacts, red for GaAs, light blue for doped Aly3Gag7As and blue for intrinsic
Alg3Gag7As. The size of the mesa is 1x1 pm. The inset shows a 200x200 nm AFM scan of
the QDs.



IV. RESULTS AND DISCUSSION

The quantum dot geometry was studied by atomic force microscopy (AFM) on an un-
capped samples. As can be seen from figure 2b, the shape of the dots shows a slight asym-
metry due to the diffusion coefficient of Ga adatoms being larger along <110> compared
to <110> direction'?. We defined the width of the dots as the diameter of the circle which
gives the same projected area as the dot. Accordingly, from the analysis of the AFM images
(figure 2a) we calculated a dot density of 3.8:10'° cm™ with a mean height of 5.1 &= 1nm

and a diameter of 36 & 8nm.
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FIG. 2: (a) AFM image of the dot population of the uncapped sample. The dot density is
3.8-10'% cm™2 with a mean height of 5.1 4 1nm and a diameter of 36 +8nm. (b) AFM image

of a single quantum dot.

In order to calculate QD transition energies from the measured dot dimensions, we
have implemented a simulation code based on effective mass approximation in cylindri-
cal coordinates'®. For this purpose we modeled the dots as truncated cones'*, with height
and width as obtained from the AFM analysis. From the simulations we obtained an inter-
subband absorption peak at 183 meV involving ground state and the last excited state of
QD.

Fig.3 shows the energy band diagram at thermal equilibrium and room temperature of
the QDIP under study. We calculated the device band diagram using a quantum-corrected
transport-Poisson model'®!6. Material parameters are taken from the literature assuming
GaAs/Aly3Gag7As CB discontinuity of 62%, as determined by C-V profiling technique!”.
The device exhibits two sharp band discontinuities due to the presence of the doped AlGaAs
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FIG. 3: Structure of the device and band alignment of the QDIP under study. The inset

shows the calculated QDs ground and excited state involved in the transition.

regions which could enhance carrier injection into the semi-insulating material.

The optoelectronic characterization of the devices was performed at a temperature of
77 K by applying a bias to the top contact with respect to the sample bottom contact
and measuring the resulting current. Figure 4 shows typical dark-current characteristics,
obtained by blocking the cryostat windows by a cooled shield. The asymmetry of the dark-
current curve is most likely related to an asymmetric charge distribution along the growth
direction. The latter is probably due to the large band offset between the GaAs and AlGaAs

regions in combination with the low operating temperature.
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FIG. 4: Dark current density measured at 77 K from -2 V to +2 V.

Photocurrent spectra were obtained in lock-in technique by illuminating the device by
the chopped globar source in a Fourier-transform infrared spectrometer (FTIR). The QDIP
current response was measured by a low-noise current amplifier and employed as FTIR
detector input. Figure 5 shows the photocurrent spectrum recorded at an applied bias of -2
V, featuring a narrow peak with a full width of half maximum of 23 meV centered around
198 meV. This result is in good agreement with the simulated dot transition energy at 183
meV (black arrow), clearly indicating that the photocurrent peak originates from a quantum
dot intersubband transition.

This achievement demonstrates the potential of droplet epitaxy for applications where an
optical intersubband transition with a precisely selectable energy and a narrow linewidth is
required, thanks to the high control over dot geometrical properties. Moreover, the achieved

high dot densities allows the observation of a photocurrent response based on dot intersub-
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band transitions already in a single-layer device.
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FIG. 5: Photocurrent spectrum measured at 77 K and a bias of -2 V. The black arrow

indicates the simulated intersubband transition energy.

V. CONCLUSIONS

The higher number of independent parameters (QD geometry, dimensions and density)
and the narrow size dispersion make DE-QDIP a promising alternative to SK-QDIP for IR
detection, in particular when a narrow absorption band is required!®. In this work we report
the first example of a working QDIP based on DE-QDs, suitable for TIR detection. The high
dot density achieved allowed us to observe a clear photocurrent signal for a single layer of
QDs. The high uniformity of DE-QDs resulted in a photocurrent peak centered at 198 meV
with a narrow bandwidth of 23 meV. The identification of the measured peak with a QD
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transition was confirmed by simulations based on effective mass approximation. We believe
that the ability to finely tune the geometrical properties of QDs make droplet epitaxy an
attractive technique for QDIPs, since it can overcome most of the limiting problems of the

current generation of dot-based detectors.
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