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Normal-Incidence InAs Self-Assembled
Quantum-Dot Infrared Photodetectors
With a High Detectivity

Zhengmao Ye, Joe C. Campbell, Zhonghui Chen, Eui-Tae Kim, and Anupam Madhukar

Abstract—An InAs/AlGaAs quantum-dot infrared photode- 1R Lizhi
tector based on bound-to-bound intraband transitions in undoped »
InAs quantum dots is reported. AlGaAs blocking layers were i
employed to achieve low dark current. The photoresponse peaked -
at6.2um. At 77 Kand —0.7 V bias, the responsivity was 14 mA/W lmis ()Ds rr+ Gads contsct layor

and the detectivtiy, D*, was 13° cm-Hz'/2/W. e

ID- and far-infrared (3—2@:m) detection is a key tech-

nology for numerous commercial, military and space ap- LI As
plications, e.g., night vision, thermal imaging, chemical anal-
ysis, nondestructive detection, remote sensing, and missile guid-

\

ance and defense. Due to the long carrier capture and relaxation -
times, quantum-dot infrared photodetectors (QDIPs) have the L Gaks
potential for lower dark current and higher photoresponse than - mé Gakn contact laynr

quantum-well infrared photodetectors (QWIPs). Most impor-
tantly, the three-dimensional (3-D) confinement of electrons in
the quantum dots permits QDIPs to operate in the normal inci-
dence mode, unlike QWIPs which are not sensitive to radiatibig- 1. Schematic of InAs/GaAs QDIP structure.
that is incident perpendicular to the quantum wells [1]. To date,

there have been several papers on InAs/GaAs, InGaAs/Gafgre ysed as the quantum-dot cap layers. In order to reduce the
and InGaAs/InGaP QDIPs [2]-{11]. Most of the devices eMyar cyrrent, four pairs of AlAs/GaAs (1 ML/4 ML) were in-
ployed a doped active region, which resulted in high dark cY,qyced below the quantum-dot layers and on the top of the
rent. In this paper, we report an InAs/GaAs QDIP with uningaas cap layers. The size of the pyramidal-shaped quantum
tentionally doped active region and AlGaAs barrier layers. OWis was estimated with atomic force microscopy (AFM) and a

previous study on QDIPs with doped active regier2(elec- ¢qs5-sectional transmission electron microscope (XTEM): the

trons per quantum dot) show that the dark current is highﬁéight was 5917 A and the base width was 210 A. The dot
than QDIPs with an unintentionally doped active region. T nsity was 62540 um?.

AlGaAs layers act as blocking layers [6]-[11] for dark cur- peyice fabrication followed standard procedure: pho-

rent, as first demonstrated in [6]. The devices reported here h"t’é!ﬁthography, wet chemical etching, metal deposition and

demonstrated low dark current, low noise, and high detectiviqm_oﬁ, and rapid thermal annealing. Mesas having a diameter
The InAs QDIP studied in this work belongs to the clasg; 250 sm and a height of-1.4 um were defined with an etch

of n-i-n structure QDIPs (Fig. 1) [6]-[8]. The samples werg¢ H3PO, : HaOs LH.O (8:1:61). A 50um-diameter top

grown on semi-insulating GaAs (001) substrates by solid-sourGgnact and the bottom contact were formed by evaporation

molecular beam epitaxy. Five layers of 3-monolayer (ML) INAg, ¢ jiftoff of Au/Ni/AuGe. The contacts were then annealed at
quantum dots were inserted between highly Si-doped top °C for 20 s. In the following discussion, “positive” bias

bpttom GaAs contact layers. The punctuated island growth te¢haa s that a positive voltage was applied to the top contact.
nique was used to grow the quantum dots [12]. The GaAs Spacefne normal-incidence spectral response was measured with a

layers between the contact layers and the nearest quantumghjet Magna-IR 570 Fourier transform infrared (FTIR) spec-
layer had a thickness of 219-239 ML. 30-ML GaAs regiongometer and an SRS 570 low-noise current preamplifier. Fig. 2

Manuscript received November 20, 2001; revised May 31, 2002. This wogfiows the spectral response at 0.8-V bias and at temperatures
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Ceﬁter, Universit;} of .Texas at Austin, Austin, TX 78712 USA (e—maiI.OCCL!rred at 6.2zm for all three spectra. The full-width at half-
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Fig. 2. Normal incident photoresponse of the QDIP sample at the bias of 0.84§. 4. Dark current density at temperature ranging from 60 K to 296 K.
and temperatures of 63 K, 77 K, and 100 K.
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thermal noise current at 77 K.
Fig. 3. Peak responsivity at 77 K, 100 K, and 120 K.

quantum dots. Consequently, electrons in the quantum dots
a lower bound state to a higher bound state [13]. The obsenagerience different barrier heights, depending on whether
spectral width reflects the uniformity of the size of the quantutnansport is toward the top or bottom contacts.
dots. The QDIP exhibits the highest photoresponse at 77 K. ThiDark current density versus voltage characteristics are shown
can be explained as follows. As the temperature increases, mior€ig. 4 for temperature in the range from 60 K to 296 K. The
electrons occupy the lower states of the quantum dots. As lostguctural asymmetry of the quantum dots also results in asym-
as there are unoccupied excited states available, the electronaétrical dark current density for positive and negative bias. At
the lower states can participate in photon induced intraband tréow bias, the increase in dark current density is due to the fact
sitions. However, a further increase in the number of electrotigt as the bias increases, more electrons occupy the quantum
in the quantum dots, which results from the increase in dark caiets, which results in an increase in the average sheet electron
rent at higher temperature, will cause a decrease in the numtensity. When a large fraction of the quantum-dots states are
of unoccupied excited states and, consequently, a decrease irttupied, further increase in bias does not significantly alter
photoresponse. Additionally, a decrease in photo-excited el#ite sheet electron density. This causes a lowering of the en-
tron lifetime at higher temperature can also result in a decreasgy barrier for injected electrons at the contact layers, which
in the photoresponse. results in the nearly exponential increase of the dark current.

The absolute spectral responsivity was calibrated with At 0.7-V bias, the dark current density was X5.0~7 A/cm?

blackbody sourcell =995 K). Since the blackbody spectrumat 60 K. With increasing temperature, it increased over seven
included near infrared radiation, which could result in interbarmtders of magnitude to 11.1 A/Gnat room temperature. Sim-
transitions, in addition to mid- and long-wavelength photongarly, at —0.7-V bias, there was an increase of over eight or-
optical filters were placed next to the aperture of the blackbodigrs of magnitude from 1.6 10~7 A/cm? at 60 K to 14.4
to block radiation with wavelengths less than 3. Fig. 3 A/cm? at 296 K. Compared to a similar structure without the
shows the peak spectral responsivity versus bias at temperatdtes, Ga, sAs blocking layers, the dark current has been sup-
of 77 K, 100 K, and 120 K. With an increase in positive bias, theressed by over three orders of magnitude [8]. For kias V
responsivity increased from 0.33 mA/W at 0.1 V to 280 mA/MandZ" >100 K, the dark current increased exponentially with
at 1.7 V. For negative bias, the responsivity increased near faemperature, which suggests that in this temperature range, the
orders of magnitude from 5.2 102 mA/W at zero bias to dark current originates from thermionic emission. The calcu-
418 mA/W at—1.6 V. Negative differential responsivity [8] lated activation energy was 196 meV at zero bias, which was
was not observed within the bias range fremi.6 to 1.7 V. close to the energy corresponding to the cutoff wavelength (193
The different responsivity curves for the positive and negativeeV) of the sample. For temperatures lower than 100 K, se-
bias are attributed to the asymmetric shape of the quantum dgdential resonant tunneling and phonon-assisted tunneling are
along the growth direction and the wetting layers beneath theobably the dominant components of the dark current.



1236 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2002

e 77K [2] D. Pan, E. Towe, and S. Kennerly, “A five-period normal-incidence

—v— 100K intersubband (In, Ga)As/GaAs quantum dot infrared photodetectors,”
Appl. Phys. Lett.vol. 75, pp. 2719-2721, 1999.

[3] S. Kim, H. Mohseni, M. Erdtmann, E. Michel, C. Jelen, and M.
Razeghi, “Growth and characterization of InGaAs/InGaP quantum dots
for midinfrared photo conductive detectoAppl. Phys. Lett.vol. 73,
pp. 963-965, 1998.

[4] J. Phillips, P. Bhattacharya, S. W. Kennerly, D. W. Beekman, and M.
Dutta, “Self-assembled InAs—GaAs quantum dot intersubband detec-
tors,” IEEE J. Quantum Electronvol. 35, pp. 936-943, June 1999.

[5] J. W. Kim, J. E. Oh, S. C. Hong, C. H. Park, and T. K. Yoo, “Room

\ \ temperature far infrared £810u:m) photodetectors using self-assembled

2 A 0 1 2 InAs quantum dots with high detectivitylEEE Electron Device Lett.
Bias (V) vol. 21, no. 7, pp. 329-331, 2000.
[6] O.Baklenov, Z. H. Chen, E. T. Kim, I. Mukhametzhanov, A. Madhukar,

Fig. 6. Peak detectivity at 77 K and 100 K. F. Ma, Z. Ye, B. Yang, and J. Campbell, “Dark current reduction and

operational wavelength shift in normal incidence InAs/GaAs QDIP’s

through the introduction of AlGaAs layers in the active region of the

The noise current,, was characterized with low noise cur- detector,” inProc. 58th IEEE Device Research Coidenver, CO, June

o ; _ 2000, p. 171.
rent preampllflers and a SRS 760 fast Fourier transform Spec[7] Z. H. Chen, O. Baklenov, E. T. Kim, I. Mukhametzhanov, J. Tie, A.

trum analyzer. FofVg| > 0.6 V, the noise current was mea- Madhukar, Z. Ye, and J. Campbell, “InAs/ABa, _ , As quantum dot in-
sured with a SRS current preamplifier. However, below 0.6 V,  frared photodetectors with undoped active regionPioc. QWIP2000
the photodetector noise current was below the noise floor of the \J’Y]cl’;kzsggf: F'Jnff;rged Physics and Technologgl. 42, Dana Point, CA,
instrument. Near zero bias, a low noise current preamplifier with(g] z. H. Chen, 0. Baklenov, E. T. Kim, I. Mukhametzhanov, J. Tie, A. Mad-
high gain was used. However, restricted by the input power lim-  hukar, Z. Ye, and J. C. Campbell, “Normal incidence InAs/8k; _, As

L. . ™ . . guantum dot infrared photodetectors with undoped active regian,”
itation of this current preamplifier, in the bias range from 0.1 Appl. Phys, vol. 89, pp. 45584563, Apr. 2001.

to 0.5 V and—0.5 to —0.1 V, the noise current was interpo- [g] S.Y. Wang, S. D. Lin, H. W. Wu, and C. P. Lee, “Low dark current
lated. Fig. 5 shows the noise current of a 250-diameter de- quantum-dot infrared photodetectors with an AlGaAs current blocking
: : layer,” Appl. Phys. Lett.vol. 78, pp. 1023-1025, Feb. 2001.

vice at 77 K and 100 K. The calculated t_hermal noise currenho] S. Y. Lin, Y. R. Tsai, and S. C. Lee, “High-performance InAs/GaAs
Iy, at 77 K is also shown. The thermal noise current can be ex- ~ quantum-dot infrared photodetectors with a single-sidegs@a,  As
pressed ad;, = \/4kT/R, wherek is Boltzmann’s constant, | bAlogkinsg_]Ic?ygr,’;?ppA- Ph)é)S-E;t;:'tt.vol.h 78, pp. 2c718§1—§786, Alpr- ZHQO&-d

. . . . e . D. Stiff, S. Krishna, P. Bhattacharya, and S. Kennerly, “High-de-
T is the absolut_e temperature, afdis the differential resis tectivity, normal-incidence, mid-infrared\( ~ 4um) InAS/GaAs
tance of the device, which was extracted from the dark current.  guantum-dot detector operating at 150 Kppl. Phys. Lett.vol. 79,

At Vg = —0.7 V, the calculated thermal noise current (32 12] FpM4ir11_423' rJ1u|y 2031-W R Hei 4 A Madhukar. P g
—14 1/2 ; . Mukhametzhanov, Z. Wei, R. Heitz, and A. Madhukar, “Punctuate
10 A/H_ZM ) Wals/;/ery C_IOS? to_ the measured noise (_:urr_en{ island growth: An approach to examination and control of quantum dot
(2.9 x 10~* A/Hz"/*), which indicates that thermal noise is density, size, and shape evolutioApl. Phys. Lett.vol. 75, pp. 85-87,

significant in the low bias region. As the bias was increased, the _ July 1999.

f : : 13] I. Mukhametzhanov, Z. H. Chen, O. Baklenov, E. T. Kim, and A.
noise current increased much faster than thermal noise. Madhukar, “Optical and photocurrent spectroscopy studies of inter- and

_‘ _‘
2 3

2
‘ :

Peak Detectivity (cmHz"*/W)
2

-
(=)
=

The detectivity is given byD* = R\/A - Af/i,, whereA s intra-band transitions in size-tailored InAs/GaAs quantum ddsys.
the device ared is the responsivityi,, is the noise current, and Status Solidi (b)vol. 224, no. 3, pp. 697-702, Mar. 2001.

Af is the bandwidth. Fig. 6 shows the peak detectivity versus
bias at 77 Kand 100 K. The best performance was achieved at 77
K and—0.7 V where the peak detectivity was'2@&m-Hz/2/W. Zhengmao Yereceived the B.S. and M.S. degrees in physics from Nanjing Uni-
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