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Noise and photoconductive gain in InAs quantum-dot
infrared photodetectors
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We report noise characteristics, carrier capture probability, and photoconductive gain of InAs
quantum-dot infrared photodetectors with unintentionally doped active regions. At 77 K, a
photoconductive gain of 750 was observed at a bias of 0.7 V. The high gain is a result of the low
carrier capture probabilityp=0.0012. © 2003 American Institute of Physics.
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Infrared detectiorimid- and long-wavelengjhhas been The InAs QDIP studied in this work belongs to the class
a subject of extensive research due to its key roles in comsf n—i—n structure QDIPs under examination by %r°
mercial, defense, and space applications. HgCdTe photod&he sample was grown on semi-insulating GaB81) sub-
tectors continue to be performance leaders for many infraregtrates by solid-source MBE. Five layers of nominally 3.0-
detection applications. However, materials growth issuesnonolayer(ML) InAs QDs were inserted between highly
limit the spatial uniformity and yield, which, in turn, increase Si-doped top and bottom GaAs contact layers. Thirty-
the cost of HgCdTe focal plane arrays. In the past decadenonolayer GaAs cap layers were grown via migration en-
quantum-well infrared photodetectai®@WIPs, which oper-  hanced epitaxy at350°C as the QD cap layers, followed
ate on intraband transitions, emerged as an alternative fayy 121-ML GaAs grown at 500°C for a total of 151-ML
infrared detectiort. Advantages to the QWIP approach in- GaAs spacer layers. The GaAs layers between the contact
clude material uniformity and the ability to design complex layers and the nearest QD layer had a thickness of 220
multilayer, high-performance structures using advanced-240 ML.
molecular-beam epitaxyMBE) and metalorganic chemical Devices were fabricated from pieces of the same as-
vapor deposition growth technologies. A drawback togrown sample as reported in Ref. 9 and followed standard
QWIPs, on the other hand, is the requirement for speciaprocedure: photolithography, wet chemical etching, metal
coupling techniques since they do not operate in the normaldeposition and lift-off, and rapid thermal annealing. Photoli-
incidence mode. Another promising type of infrared photo-thography and wet chemical etching were used to define the
detector, which is also based on intraband transitions, is thgevice mesas, each of which had a diameter of 260and
quantum-dot infrared photodetect@DIP). Unlike QWIPS, 3 height of~1.4 um. Electron-beam deposition of AuGe/
QDIPs are intrinsically sensitive to normal-incident infrared Ni/Au and lift-off were then performed to form the top and
radiation, OWing to the three-dimensional confinement of th%ottom contacts. This was followed by a rapid thermal an-
electrons in the QDs. Furthermore, QDIPs have longer cameal at 430 °C for 20 s in nitrogen. In the following discus-
rier lifetimes, which creates the potential for higher photo-gjgn, “positive” bias means that a positive voltage was ap-
conductive gain and higher operating temperat@res. plied to the top contact.

One figure of merit that is used to evaluate the perfor-  The QDIP exhibited a peak photoresponse at @
mance of infrared photodetectors is the specific detectivit)(not shown, and a spectral width af\/\ ~14%, which is
D*, which is the signal-to-noise ratio normalized to the characteristic of an intraband transition within the conduc-
wavelength. Recently, QDIPs with single or dual peak photjon pand. The dark noise currentwas characterized with
toresponse at 314{“”‘3_9 have been reported, among yery low noise current preamplifiers and a fast Fourier trans-
which the highesD* is 101° cmHZ/W at 77 K3 Although  form spectrum analyzer. The sample was mounted on a cold
theoretical calculations suggest that QDIPs should achier.?nger inside a cryostat and surrounded with a cold shield
higher D* than QWIPS,’ to date, this has not been experi- (gark environment Figure 1 shows the noise current density
mentally confirmed. Current values bf* for QDIPs are at ,grsys frequency at a biag, of 0.3 V, and temperatures of
least an order of magnitude lower than that of QWIPs. Im-77 90, 105, and 150 K. At low frequency <2 Hz), the
provements irD* for QDIPs can be achieved by increasing gominant source of the noise current appears to bedise,
the responsivity or lowering the noise. In this letter, weyich is characterized by an approximate dependence upon
present a study of the noise in InAs QDIPs with unintention-yq reciprocal of the frequency and the square of the current.

ally doped active regions. For f>2 Hz, the noise current is essentially independent of
frequency. This is similar to the generation—recombination

3Electronic mail: zmye@mail.utexas.edu (GR) noise in bulk photoconductors and QWIPs, which leads
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FIG. 3. Photoconductive gain vs bias at 77 K. Dots are measured data.

FIG. 1. Noise spectrum density vs frequency measured from 0 to 400 Hz at
0.3V and 77, 90, 105, and 150 K.

to random fluctuations in the current density. Consequentlyyzs heen extracted from the slope of the dark current. For
we hypothesize that generation and trapping processes ajg —0.1V at 77 K, the calculated thermal noise current
the dominant noise sources for QDIPs in this spectral regiort.5.5>< 10~ A/Hz?) is close to the measured noise current

Figure 2 shows the bias dependence of the noise currefig x 10~ 14 A/HzY?), indicating that thermal noise is signifi-
atT=77, 90, 105, 120, and 150 K and a measurement frécant in the very low bias region. As the bias increases, the

qguency of 140 Hz. At 77 K, the noise increases from
to 10°° A/Hz'? as the bias increases from 0 to 0.8 V. Thepgise current fofVg|>0.1 V is primarily GR noise.

calculated thermal noise currehf, at 77 and 100 K is also
shown. The thermal noise current can be expressed as

4KT
=N R

wherek is Boltzmann’s constant is the absolute tempera-
ture, andR is the differential resistance of the device, which
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FIG. 2. Measured noise current vs bias at 77, 90, 105, 120, and 150 K. Th
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noise current increases much faster than thermal noise. The

As a good approximation, the photoconductive gain and
the noise gain are equal in a conventional photoconductor
and can be expressed as

:2
_ n
G_4e-ld’

wherei, is the noise current anlg; is the dark current. The
noise gain has been determined using this expression and the
measured noise. Figure 3 shows the photoconductive gain at
77 K. At low bias, the gain depends weakly on voltage. With
further increase in bias, the gain increases exponentially with
bias again. A very large gain of 750 has been obtained at 0.7
V, corresponding to an applied electric field of 2.3 kV/cm.
QWIPs typically exhibit gains in the range 0.1 to 50 for
similar electric field intensities: The higher gain of the
QDIPs is the result of longer carrier lifetim&.

Carrier transport in the QDIPs involves the photoexcita-
tion of the electrons in the lower electron states in the QDs to
higher energy bound states or to continuum states, transport
of the excited electrons across the QDIPs, and collection or
ejection of the electrons at the metal contacts. Since QDIPs
have similar layer structures to those of QWIPs, the carrier
transport mechanisms of the QDIPs are assumed to be simi-
lar to those of QWIPs, except that the fill factor of the QDIPs
is less than unity. Therefore, compared to the gain models for
QWIPs established by Lit? Beck!* and Levine'® Philipst®
introduced a fill factorF. In this letter, we define the fill
factor as the area coverage of the QDs in a QD layer. The fill

symbols are measured data. The dashed line is calculated thermal noif@Ctor is estimated from atomic force microscopy ddta.

current at 77 K. varies from 0.40 on the firgbottom QD layer to 0.30 on the
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100 F shows that the ratio depends tjvt,, wheret,, andt, are
— T the transit times across one well and one period, respectively.
—— 120K For small capture probabilityp;<0.2), the value ofF is
—=— 150K greater than 0.9 and relatively independenttpft,. The
capture probabilityp, can be calculated from noise gain and
is independent of. We have determined from the noise
measurements that,<0.2 for all bias values in the range
120 to 150 K, and for bia$Vy|>0.2V at 77 K. For the
102 | regime|V,|<0.2 V at 77 K, we observe that the difference
betweeng, and g; [=(1—F)g.], is small for the entire
range ofp. as a result of the fact thag, is small in this
region. Choi calculatedj, as a function ofg; whent,,/t,
=0; that is, the case for which the largest difference between
g; and g, would be expected. For the regime wheygis
small, which is the case for our QDIPs whph,|<0.2 V at
77 K, he found that the difference is only 3% fgg=0.5.
104 L= ] 1 ] 1 ] 1 1 Therefore, we conclude that the noise gain provides a reli-
06 -04 -02 00 02 04 068 08 able estimation of the photoconductive gain.
In summary, we have studied the noise characteristics of

Bias (V) InAs/GaAs QDIPs. The noise current originates from the
trapping processes in the quantum dots and is GR noise in
Kthe 2—400-Hz measurement range. High photoconductive
gain (>750) has been observed owing to the low carrier
capture probabilityp=0.0012 at—0.7 V.
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FIG. 4. Carrier capture probability versus bias at 77, 105, 120, and 150
Dots are measured data.

fifth (top) QD layer due to variations in the QD size and
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been experimentally verified by Safizein!’ with the fill  University Research Initiativ MURI) program adminis-
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