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We have increased the ratio of s-polarization (normal incidence) to p-polarization photocurrent to

50% in a quantum dot-in-a-well based infrared photodetector form the typical s-p polarization ratio

about 20%. This improvement was achieved by engineering the dot geometry and the quantum

confinement via post growth capping materials of the Stranski Krastanov growth mode quantum

dots (QDs). The TEM images show that the height to base ratio of shape engineered QDs was

increased to 8 nm/12 nm from the control sample’s ratio 4 nm/17 nm. The dot geometry correlates

with the polarized photocurrent measurements of the detector. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4764905]

In the past decade, quantum dot infrared photodetectors

(QDIP) have been a subject of active research. There has

been significant progress in the performance of these detec-

tors in the past five years as outlined in this review paper.1 In

particular, dots-in-a-well (DWELL) detectors, in which

quantum dots are placed in InGaAs/GaAs/AlGaAs quantum

wells, have demonstrated low dark currents and multi-

spectral imagery.2–8 Large format megapixel images, two

color detectors, and bias tunable detectors have been demon-

strated.8–11 Theoretically, QDIPs offer several advantages,

including lower dark current, higher operating temperature,

higher photoresponsivity, normal incidence detection, and

improved radiation hardness.2–11 Most of these attributes

arise from the 0-D confinement that is expected to increase

the photon-excited carrier lifetime by reducing optical pho-

non scattering via the “phonon bottleneck” mechanism.12,13

Although self-assembled QDs have performed impres-

sively in a variety of electronic and optoelectronic devices,

their full potential has not been achieved. This is mostly due

to the fact that the epitaxially grown quantum dots tend to be

“pancake shaped” due to the flattening of the dots via inter-

face intermixing during the growth of the capping layer.

Both the flattened shape and intermixed interface of QDs

lead to the weakness of discrete quantum mechanical con-

finement14,15 by modifying the density of states and thereby

suppress interesting phenomenon like the “phonon

bottleneck.” Moreover, the s-polarization (normal incidence)

absorption in quantum dot detectors is a factor of five (20%)

lower than the p-polarization response.16 Thus in normal

incidence quantum dot imagery without gratings, 80% of the

signal is not utilized. In this paper, we report the shape engi-

neered QDs with reduced intermixing between the dots and

the capping layers. This has enabled us to evolve from

“pancake shaped” dots (shown schematically in Fig. 1(a))

with a height of 4 nm and a base of 17 nm to “cone shaped”

dots (shown schematically in Fig. 1(b)) with height of 8 nm

and base of 12 nm, as obtained from cross sectional transmis-

sion electron microscopy (TEM). The change in the aspect

ratio of the dot was confirmed by polarization dependent

photocurrent measurements, in which the s-p polarization ra-

tio was increased from 20% to 50% in the control sample.

This represents a significant step in obtaining strongly 0D

confined quantum dots that can be used for a wide variety of

applications.

The key to shape engineering revolves around the con-

trol of the diffusion processes involved in the intermixing

between the QDs and the capping material. This diffusion

can be controlled through several means: interfacial-strain

engineering, mechanical diffusion barrier, and chemical dif-

fusion retardant, and/or deposition kinetics. Initial results

verify that interfaces with less strain should intermix less,

due to decreased availability of energy drives less diffu-

sion.14,15,17 So InAs-based compounds were considered. Cer-

tain materials (e.g., Al) can act as both mechanical diffusion

barrier and chemical diffusion retardant for the indium in our

InAs dots. By controlling the temperature and rate of deposi-

tion, the deposition kinetics can be controlled. Furthermore

one should be able to mitigate the enhanced diffusion gener-

ated by the increased interfacial energy. To try to find a bal-

ance between these energies and follow previous results, we

employed InAlGaAs as the compounds in our study.16

Two samples for this study were grown using VG80

solid-source molecular beam epitaxy (MBE) system with a

cracked As2 source. A conventional DWELL detector (sam-

ple A) was used as a control sample. Sample A has 2.8 ML

InAs quantum dots embedded in 3 nm In0.15Ga0.85As lower

quantum well bed and 2.5 nm cap layer of In0.15Ga0.85As

quantum well. The DWELL structure is followed with a

50 nm Al0.08Ga0.92As barrier, and the active region was

repeated 20 times. A shape engineered QDs sample (sample

B) was also grown. In sample B, the 2.8 ML InAs quantum

dots were grown on a 4 nm In0.15Al0.1Ga0.75As lower quan-

tum well with 1 nm In0.15Ga0.85As strain bed, then the QDs

were capped with a 6.8 nm In0.15Al0.1Ga0.75As upper quan-

tum well to minimize intermixing. The barrier layer con-

sisted of 50 nm Al0.3Ga0.7As, and this active layer was

0003-6951/2012/101(24)/241114/3/$30.00 VC 2012 American Institute of Physics101, 241114-1
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repeated 12 times. Both samples had a 500 nm nþGaAs bot-

tom contact layer and 200 nm nþGaAs top contact layer.

Standard processing techniques were then applied for the de-

vice fabrication. 450 lm diameter circular mesa with GeAu

top and bottom contact rings were formed to allow normal

incidence measurement from the top window.

Fig. 2(a) is a high-resolution STEM image of the QD in

the reference sample A. The bright area shows the indium

atom distribution. It reveals that the dot is confined to the top

half of the quantum well, and there are obvious indium diffu-

sion between the interface of the dot and the capping mate-

rial. The QD is pancake shaped with a base width of �17 nm

and height of �4 nm, and the height to base aspect ratio is

0.23. Fig. 2(b) is a high-resolution TEM image of the shape

engineered QD in sample B. The dark area indicates the high

strain area. It reveals that the dot is confined to the top half

of the well and the QD cross section in the [110] azimuth is

triangle-like with a base width of �12 nm and height of

�8 nm, respectively. The height to base aspect ratio is 0.67.

The edge between the dot and the capping material is clear

and no obvious diffusion is observed. Thus the engineered

QDs design prevents the diffusion processes involved in the

intermixing between the QDs and the capping material,

reduces the dot base width, increases the dot height, and

improves the 0-D quantum confinement.

For polarization dependent infrared spectral response

measurements, the experimental setup schematic and the

front and back view of the 45� leadless chip carrier (LCC)

are shown in Fig. 3(a). The processed devices were polished

with 45� facet geometry, mounted on the 45� facet holder,

and wire-bonded on the pins of the LCC. The polarization of

the incoming infrared beam was either s polarized in which

case the E-field is in the growth plane or p polarized in which

FIG. 2. (a) The high resolution STEM image of the QD in the reference

sample A. (b) The high resolution TEM image of the engineered QD in the

sample B.

FIG. 3. (a) The experimental setup schematic of the polarized spectral

response measurements, and front and back view of the 45� facet leadless

chip carrier. (b) The s and p polarized infrared spectral response of reference

QD sample A measured at 77 K (�4.5 V). (c) The s and p polarized infrared

spectral response of engineered QD sample B measured at 77 K (þ13 V).

FIG. 1. (a) Flattened QDs in epitaxial growth via intermixing during subse-

quent growth. (b) Engineered QDs with decreased base size and increased

height.

241114-2 Shao et al. Appl. Phys. Lett. 101, 241114 (2012)
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case the E-field has a 50% component along the growth

direction as shown in insets of Figs. 3(b) and 3(c).18–20 Fig.

3(b) shows s and p polarization dependent spectral response

of sample A at 77 K (Vb¼�4.5 V). It indicates that the ratio

of the s/p infrared polarized photocurrent of the reference

sample is less then 20%. The in-plane quantum confinement

and in-plane infrared absorption are much lower than the

vertical direction. For the normal incidence (s-polarization)

without gratings, more than 80% of signal is not utilized.

The results measured at 77 K (Vb¼þ13 V) in Fig. 3(c)

indicate that the ratio of the s/p polarization dependent spec-

tral response of the sample B increases to 50%, respectively.

This is the highest s/p polarization ratio observed in a spec-

tral response measurement. A strong spectral response

describes not only the high material quality of QDs, such as

low defect density and low trap center density, but also the

strong discrete quantum confinement and less intermixing

and leakage path of the interface between QDs and capping

materials.14–17 For conventional Stranski-Krastanov QDs,

the s polarized absorption is always less then the p polarized

absorption,16 but the improved s/p ratio as 50% indicates the

in-plane quantum confinement and in-plane infrared absorp-

tion are dramatically improved than the vertical direction.

This also corroborates the results of the TEM images. The

behaving of engineered QDs is more close to the idea 0-D

quantum confinement.

In conclusion, we have demonstrated a shape engi-

neered QD detector with increased height to base ratio as

0.67 compared to a conventional QD detector as 0.23.

The change in the QDs geometry aspect ratio was

observed using TEM. A significant increasing in the s/p
polarization ratio was measured using the polarization de-

pendent photocurrent. We believe that the use of an InAl-

GaAs cap prevents the flattening of QDs by reducing the

diffusion gradient. This is expected to increase the carrier

relaxation time by providing strong 0D quantum mechani-

cal confinement.
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