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Effect of Well Width on Three-Color Quantum
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Abstract—Three-color InAs-InGaAs quantum dots-in-a-well
(DWELL) detectors having different well sizes are presented.
Three DWELL detectors (1388, 1373, and 1299) with different
quantum well (QW) widths (120, 110, and 90 A, respectively) have
been characterized showing response peaks at three distinct wave-
lengths. The detector 1388 has peak wavelengths at ~6.25, ~10.5,
and ~23.3 um. The two peaks at 6.25 and 10.5 um are believed
to be due to bound-to-bound transitions from the ground state in
the dot to a state in the well, whereas the longer wavelength peak
(~23.3 pm) which has a detectivity of 7.9 x 10° cm - vHz/W
at 4.6 K under —2.2-V bias is due to an intersubband transition
between the dot levels. The operating wavelength of these detectors
in the short wavelength region can be tailored by changing the
width of the QW. Spectral responsivity curves of 1373 and 1299
show a shift of the short wavelength peaks toward decreasing
wavelength while the long wavelength peak remains around
~23.3 um confirming that the particular transition is due to the
quantum dot.

Index Terms—Infrared detectors, quantum dot (QD), quantum
well (QW), three color.

I. INTRODUCTION

UANTUM dot infrared photodetector (QDIP) research
Q has attracted much attention for midwave and long-wave
infrared applications [1]-[4] during past few years.
Several research groups have already demonstrated the in-
tersubband transitions in midinfrared (MIR) and far-infrared
(FIR) QDIPs [5]. Recently, we have reported a three-color
quantum dots-in-a-well (DWELL) infrared photodetector [6]
with peak wavelengths at 3.8, 8.5, and 23.3 ym. Owing to the
three-dimensional confinement of carriers, QDIPs are sensitive
to normal-incidence infrared radiation, which is forbidden
in n-type quantum well infrared photodetectors (QWIPs). In
addition, QDIPs are expected to show improved performance
characteristics such as low dark current and higher operating
temperatures [7].
The authors of [6] have recently reported intersubband
detectors in which the InAs dots are placed in a thin InGaAs
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Fig. 1. Schematics of the DWELL detector structure. The width of the QW,
i.e., the width of In,Ga;_,As with x = 0.15 layer (indicated as w in the
figure), is different for each detector.

quantum well (QW), which in turn is positioned in a GaAs
matrix [4]. Such a heterostructure is known as the DWELL
design. DWELL heterostructure provides a better confinement
for carriers trapped in the quantum dot (QD) by lowering the
ground state of the dot with respect to the GaAs band edge
resulting in low thermionic emission. In this letter, the experi-
mental results on three-color detector structures with different
QW widths are reported discussing the transitions leading to
each peak.

II. DEVICE STRUCTURE AND EXPERIMENT

The structures were grown by molecular beam epitaxy with
the details of the growth described elsewhere [8]. Using standard
lithography, metal evaporation, and wet etching, n-i-n detectors
were fabricated for top-side illumination with the diameter of
the illuminated area ranging from 25 to 300 pm. The detector
structure of 1388 is shown in Fig. 1. The other two detectors
have the same structure but different thickness of InGaAs well
in order to have different well widths. There are ten layers of
n-doped InAs—Ing 15Gag g5 As in each of the detector structures.
The QDs are directly doped n-type using silicon as the dopant
to a sheet density of 5 X 10! ¢m~2, which translates to about
one electron per dot, while the QW is unintentionally doped. A
window is opened on top of the structure and mesa with 300-pm
diameter was used for spectral measurements. From photolumi-
nescence (PL) measurements of the ground state transition of
the dot (1.25 pm at 7' = 300 K) and using a 60 : 40 conduction
band : valence band ratio, it is estimated that the ground state of
the dot is about 250 meV below the GaAs band edge. We be-
lieve that there are at least two bound states in the dot and one
confined state in the QW [6].
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Fig. 2. First two peaks of the three detectors biased with —1.4 and —0.5 V at
4.6 K. The band diagram showing the transitions leading to each peak is given
in the inset and the transition states for 1388 are same as 1373. Arrows indicate
the peak positions and X sign implies that the curve has been multiplied by the
number indicated.

III. RESULTS AND DISCUSSION

The main goal of this letter is to identify and confirm the tran-
sitions leading to each of the peaks of DWELL detectors re-
ported. The spectral response of the three detectors in the range
3-15 pm is shown in Fig. 2. The two curves for each detector in
the figure are for two different bias values (—0.5 and —1.4 V).
The two distinct peaks in MIR region are believed to be due
to transitions from the ground state in the dot to a state in the
well. The sample 1299 exhibits its first peak at ~4.2 ym and
the second peak at ~8.1 um. A semiempirical estimate, based
on the PL spectra with a 60:40 split of the bandgap differ-
ence, gives the energy separation between the ground state of
the dot and conduction band edge of GaAs to be 225-250 meV
(~4.9-5.5 pm). Hence, the 4.2-pum peak is probably due to tran-
sitions from the ground state of the dot to the continuum state
of the well and the second peak should be due to transitions
from the ground state of the dot to a bound state in the well as
shown in the inset to Fig. 2. Moreover, it has been shown [9]
that the line width (AX/X) of a QW detector transitions from
bound-to-bound states is narrower than that of transitions from
bound-to-continuum states. The line width of 4.2-um peak is
about 42%, whereas, the line width of 8.1-ym peak is about
28%, and this observation is consistent with the above descrip-
tion. The photocurrent is proportional to the product of the os-
cillator strength and the escape probability. For the bound-to-
bound peak, the oscillator strength is larger, whereas, the escape
probability is smaller, and for the bound-to-continuum peak, the
oscillator strength is smaller, whereas, the escape probability
is larger. Hence, the bound-to-continuum peak is seen even at
lower biases, whereas, the bound-to-bound peak dominates at
larger biases, where field assisted tunneling increases the escape
probability.

When the width of the QW is increased, the energy spacing
between the levels in the well decreases causing the second MIR
peak to red-shift since it is connected to transitions from the dot
to well bound state. The results of 1388 detector agrees well
with this idea. In addition to that, the continuum state in 1299
could become quasi-bound state in 1388 since the 1388 detector
is made by stretching the well of 1299. Then the first peak of
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Fig.3. (a)FIR response of 1388 at different bias values (negative indicates that
the top contact is negative). The band diagram represents the transition leading
to the response. The inset shows the responsivity at high temperature (72 K,
79 K). (b) Variation of the peak responsivity of 1388 detector with applied bias
and the corresponding transition between the states in the dot with bias. The
inset represents the current—voltage at 4.6 K.

1388 is due to transitions from the ground state of the dot to
a quasi-bound state in the well. This can be confirmed by the
red-shift of the first peak of 1388 and the narrower line width
compared with 1299. As designed, the first peak of 1373 is ex-
pected in between the first peak of 1299 and 1388. However,
it is almost at the same position of the first peak of 1388 and
the second peak of 1373 is closer to that of 1388 than expected.
This could be explained if the size of the QD was unintention-
ally changed during the growth process. Based on doping con-
centration and sheet density of dots, it has been found that a
single dot consists of one electron [4]. Multiple electrons within
a dot could lead to a splitting of photoresponse peaks due to in-
tralevel and interlevel Coulomb interactions [10]. Therefore, the
tiny peaks upon the major peaks may be due to either different
dot sizes in the same DWELL structure or Coulomb interactions
due to multiple electrons in the dot. The expected red-shift due
to Coulomb interaction with applied electric field could be com-
pensated by the blue-shift due to Stark effect [10].

The spectral responsivity of the third peak of 1388 in FIR re-
gion under different applied bias fields is shown in Fig. 3(a).
From eight-band k.p. modeling [11], it is found that the energy
separation between the states in the QDs with base diameter of
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TABLE 1
RESPONSIVITY AND DETECTIVITY OF EACH PEAK OF SAMPLE 1299, 1373, AND
1388 AT 4.6 K WITH —1.4-V BIAS (~—22.5 kVem ™! FIELD)

Sample | Well Width | Ap.x | Responsivity | Detectivity
Number (A) (pm) (mA/W) (emVHz|W)
4.2 3.9 1.1 x 10°
1299 90 8.1 14.0 3.9 x 107
23.3 60.2 1.9 x 101
6.25 3.0 5.4 % 10°
1373 110 9.7 12.9 2.3 x 10
25.5 3.8 6.9 x 10°
6.25 1.8 6.2 x 10°
1388 120 10.5 2.8 1.7 x 101
23.3 25.6 6.6 x 101

20 nm and 7-8 nm of height is about 50-60 meV. Hence, it is
believed that the FIR peak at ~23.3 ym is due to transitions
between two bound states in the dot. The variation of the peak
responsivity of 23.3-um peak with the bias voltage is given in
Fig. 3(b). As shown in energy band diagrams, at high fields, the
barrier is pulled strongly down so that excited carriers have to
tunnel through only a thin region. This would increase the es-
cape probability. As a result, the experimental response curves
show a drastic increase in the response when the bias is in-
creased from —1.0 to —2.4 V. Moreover, the FIR peak is broader
than a peak leading to bound-to-bound transitions possibly due
to the 10% size fluctuations of the dots in the self assembly
process. This is also reflected in the broader PL line width of
QDs compared to that of the QWs.

Detector results for the three peaks of three detectors at
4.6 K with —1.4-V bias and the well width for each are given
in Table I. The bias and temperature were chosen to report
the optimum detectivity for all three samples. All but the FIR
peak of 1373 were observed up to 80 K while the FIR peak of
1373 could be obtained up to 60 K. Among all these detectors,
the highest detectivity of ~ 7.9 x 10'° cm - VHz/W at 4.6 K
under —2.2-V bias and 3.2 x 10% cm - \/E/W at 80 K under
—1.4-V bias was reported for 1388 at 23.3- um wavelength.
The detector 1388 shows higher detectivity compared to 1299
at 25 pum even with lower responsivity due to lower noise
current than 1299 detector, under the given conditions (dark
current curves at 4.6 K are given in the inset to Fig. 3(b) and the
variation at 80 K is same as at 4.6 K). The improvement in the
operating temperature of FIR response (up to 80 K), compared
with a typical FIR QWIP [12] operating at ~10-20 K, provides
the benefit of the quasi-zero dimensional confinement.

As shown in Fig. 4, the FIR peak stays almost at the same
position (23.3 um) for 1299 and 1388 detectors. Changing width
of the QW does not affect states in the QD and this confirms
that the FIR peak is due to transitions between dot states. Due
to the fact that the dot size of 1373 has been changed causing
the energy space between dot states to decrease, the FIR peak
of 1373 has shifted to ~25.5 pm.

IV. CONCLUSION

All the peaks of the three-color infrared detector presented
are based on transitions in InAs—-InGaAs DWELL heterostruc-
ture. Each peak obtained for each detector emphasize the corre-
sponding transition between states in the structure. Operating
wavelength in MIR range can be tailored by varying the ap-
plied bias. Detectors can be designed by changing the well width
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Fig. 4. Spectral response of the FIR peak for all three detectors at 4.6 K under
—1.4-V bias (—23.7, —22.9, and —22.5 kVem™* field for 1299, 1373, and
1388, respectively).

or the size of the dot so that they can be operated at different
wavelengths depending on the application. Normal incidence
and high temperature operation in FIR region are advantages
of DWELL detectors over typical n-type QW detectors.

ACKNOWLEDGMENT
The authors acknowledge fruitful discussions with
Dr. V. M. Apalkov.
REFERENCES

[1] B. Kochman, A. D. Stiff-Roberts, S. Chakrabarti, J. D. Phillips, S.
Krishna, J. Singh, and P. Bhattacharya, “Absorption, carrier lifetime,
and gain in InAs-GaAs quantum-dot infrared photodetectors,” IEEE. J.
Quantum Electron., vol. 39, no. 3, pp. 459—467, Mar. 2003.

[2] H. C. Liu, M. Gao, J. McCaffrey, Z. R. Wasilewski, and S. Fafard,
“Quantum dot infrared photodetectors,” Appl. Phys. Lett., vol. 78, pp.
79-81, 2001.

[3] L. Jiang, S. S. Li, N.-T. Yeh, J.-I. Chyi, C. E. Ross, and K. S. Jones,
“Ing.6Gag.4As/GaAs quantum-dot infrared photodetector with op-
erating temperature up to 260 K,” Appl. Phys. Lett., vol. 82, pp.
1986-1988, 2003.

[4] S.Raghavan, P. Rotella, A. Stintz, B. Fuchs, S. Krishna, C. Morath, D. A.
Cardimona, and S. W. Kennerly, “High-responsivity, normal-incidence
long-wave infrared (A ~ 7.2 pm) InAs/Ing.15Gao 55 As dots-in-a-well
detector,” Appl. Phys. Lett., vol. 81, pp. 1369-1371, 2002.

[5] B. Aslan, H. C. Liu, M. Korkusinski, S. J. Cheng, and P. Hawrylak, “Re-
sponse spectra from mid to far-infrared, polarization behaviors, and ef-
fects of electron numbers in quantum-dot photodetectors,” Appl. Phys.
Lett., vol. 82, pp. 630-632, 2003.

[6] S. Krishna, G. von Winckel, S. Raghavan, A. Stintz, G. Ariyawansa, S.
G. Matsik, and A. G. U. Perera, “Three-color (Ap; ~ 3.8 um, Ao ~
8.5 um, and A,z ~ 23.2 pm) InAs/InGaAs quantum-dots-in-a-well
detector,” Appl. Phys. Lett., vol. 83, pp. 2745-2747, 2003.

[7]1 Z. Ye and J. C. Campbell, “InAs quantum dot infrared photodetectors
with Ing.15Gag s5As strain-relief cap layers,” J. Appl. Phys., vol. 92,
pp. 7462-7468, 2002.

[8] S.Krishna, S. Raghavan, G. von Winckel, P. Rotella, A. Stintz, D. Le, C.
Morath, and S. W. Kennerly, “Two color InAs/InGaAs dots-in-a-well de-
tector with background-limited performance at 91 K,” Appl. Phys. Lett.,
vol. 82, pp. 2574-2576, 2003.

[9] B.F. Levine, “Quantum-well infrared photodetectors,” J. Appl. Phys.,
vol. 74, pp. R1-R81, 1993.

[10] D. M.-T. Kuo and Y.-C. Chang, “Effects of Coulomb blockade on the
photocurrent in quantum dot infrared photodetectors,” Phys. Rev. B, vol.
67, pp. 035313 1-3, 2003.

[11] A. Amtout, S. Raghavan, P. Rotella, G. von Winckel, A. Stintz, and
S. Krishna, “Theoretical modeling and experimental characterization of
InAs/InGaAs quantum dots in a well detector,” J. Appl. Phys., vol. 96,
pp- 3782-3786, 2004.

[12] A.G. U. Perera, W. Z. Shen, S. G. Matsik, H. C. Liu, M. Buchanan, and
W. J. Schaff, “GaAs/AlGaAs quantum well photodetectors with a cutoff
wavelength at 28 pm,” Appl. Phys. Lett., vol. 72, pp. 1596—1598, 1998.



	toc
	Effect of Well Width on Three-Color Quantum Dots-in-a-Well Infra
	G. Ariyawansa, A. G. Unil Perera, Senior Member, IEEE, G. S. Rag
	I. I NTRODUCTION

	Fig.€1. Schematics of the DWELL detector structure. The width of
	II. D EVICE S TRUCTURE AND E XPERIMENT

	Fig. 2. First two peaks of the three detectors biased with ${-}$
	III. R ESULTS AND D ISCUSSION

	Fig.€3. (a) FIR response of 1388 at different bias values (negat
	TABLE I R ESPONSIVITY AND D ETECTIVITY OF E ACH P EAK OF S AMPLE
	IV. C ONCLUSION

	Fig.€4. Spectral response of the FIR peak for all three detector
	B. Kochman, A. D. Stiff-Roberts, S. Chakrabarti, J. D. Phillips,
	H. C. Liu, M. Gao, J. McCaffrey, Z. R. Wasilewski, and S. Fafard
	L. Jiang, S. S. Li, N.-T. Yeh, J.-I. Chyi, C. E. Ross, and K. S.
	S. Raghavan, P. Rotella, A. Stintz, B. Fuchs, S. Krishna, C. Mor
	B. Aslan, H. C. Liu, M. Korkusinski, S. J. Cheng, and P. Hawryla
	S. Krishna, G. von Winckel, S. Raghavan, A. Stintz, G. Ariyawans
	Z. Ye and J. C. Campbell, InAs quantum dot infrared photodetecto
	S. Krishna, S. Raghavan, G. von Winckel, P. Rotella, A. Stintz, 
	B. F. Levine, Quantum-well infrared photodetectors, J. Appl. Phy
	D. M.-T. Kuo and Y.-C. Chang, Effects of Coulomb blockade on the
	A. Amtout, S. Raghavan, P. Rotella, G. von Winckel, A. Stintz, a
	A. G. U. Perera, W. Z. Shen, S. G. Matsik, H. C. Liu, M. Buchana



