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MULTI-BAND INFRARED IMAGING USING 
STACKED COLLOIDAL QUANTUM-DOT 

PHOTODIODES 
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This invention was made with government support under 
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0207 awarded by the Army Research Office. The govern
ment has certain rights in the invention. 

BACKGROUND 

2 
a film of colloidal quantum dots, the colloidal quantum dots 
comprising a quantum dot cation and a quantum dot anion; 
depositing semiconductor nanoparticles on the film of col
loidal quantum dots, the semiconductor nanoparticles com-

5 prising a nanoparticle cation and a nanoparticle anion, 
wherein the nanoparticle anion is the same anion as the 
quantum dot anion; and contacting the deposited semicon
ductor nanoparticles with a solution comprising quantum 
dot precursors in a solvent, the quantum dot precursors 

10 comprising a precursor cation and a precursor anion, 
wherein the quantum dot precursors undergo cation 
exchange with the semiconductor nanoparticles and the film 
of colloidal quantum dots becomes doped with nanoparticle 
cations that are released from the semiconductor nanopar-

15 ticles during the cation exchange. 
One embodiment of a multiband photodetector includes: 

a first photodiode comprising a first layer of colloidal 
quantum dots; a second photodiode arranged in a stacked, 
back-to-back configuration with the first photodiode, the 

20 second photodiode comprising a second layer of colloidal 
quantum dots; a p-doped region formed in the first layer of 
colloidal quantum dots at an interface between the first and 
second photodiodes; a p-doped region formed in the second 
layer of colloidal quantum dots at the interface between the Infrared imaging has evolved from single-element imag

ing, to single-color focal plane array (FPA) imaging, to the 
third generation: low-cost, high-resolution imaging with 
multispectral sensing capability, which attracts increasing 
interest due to the growing need to extract coincident 
spectral information to give better object identification by 
processing signals from different wavebands. One major 30 

group of multispectral infrared detectors focuses on dual
band detection, which is currently dominated by mature 
material technologies like HgCdTe (MCT), quantum-wells, 
and type-II superlattices. However, suffering from high 
fabrication complexity, low production yield, and high cost, 35 

the application has been limited to military and scientific 
research. Yet, there are many opportunities for civilian 
application, such as thermal imaging, autonomous driving 
assistant, and industrial inspection. More importantly, the 
realization of dual-band detectors not only requires fabrica- 40 

tion techniques to integrate multiple materials with different 
bandgaps into the same detector, but also needs a well
designed device architecture to access two separate chan
nels. 

25 first and second photodiodes a first electrode in electrical 
communication with the first photodiode; a second electrode 
in electrical communication with the second photodiode, 
wherein at least one of the first and second electrodes is 
transparent across at least a portion of the electromagnetic 
spectrum; and a voltage source configured to apply and 
adjust a bias voltage across the first and second electrodes. 
The photodetector exhibits a photoresponse over a first 
wavelength range when biased within a first range of bias 
voltages and the second photodiode exhibits a photore
sponse over a second wavelength range when biased within 
a second range of bias voltages. 

One embodiment of a single-band photodetector includes: 
a rectifying photodiode comprising a layer of colloidal 
quantum dots, wherein the photodiode exhibits a photore
sponse over a wavelength range when biased within a range 
of bias voltages; a first electrode in electrical communication 
with the rectifying photodiode; a second electrode in elec
trical communication with the rectifying photodiode, 
wherein at least one of the first and second electrodes is 

The current trends in dual-band detectors have leaned 45 transparent across at least a portion of the electromagnetic 
spectrum; a p-doped region formed within the layer of 
colloidal quantum dots at the first electrode side of the layer 
of colloidal quantum dots; an n-type layer between the 
second electrode and the rectifying photodiode; and a volt-

towards integrating spectral selectivity into a single pixel 
without using external mechanical and optical components. 
In order to read two distinct channels in a vertical device, 
usually a three-terminal configuration would be used with 
one common ground contact, but that requires a complicated 
etching process and therefore reduces the optical fill factor 

50 age source configured to apply and adjust a bias voltage 
across the rectifying photodiode. 

of the stacked channels. For future development of high
resolution FPA with small pitches, a two-terminal configu
ration is more favorable. However, with only two terminals, 
the extraction of the photocurrent from each channel must be 55 

coded so that different channels could be selectively 
enabled. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

SUMMARY 

Single- and multi-band photodetectors based on CQDs, 
imaging arrays formed from a plurality of the photodetec
tors, and methods of making and using the photodetectors 
are provided. Also provided are methods for doping the 
CQDs via a solid-state cation exchange method. 

One embodiment of a method of doping a film of colloidal 
semiconductor quantum dots includes the steps of: forming 

FIGS. lA-lD depict the design and working principle of 
HgTe-based colloidal quantum dots (CQDs) dual-band 

60 detectors. FIG. lA shows an illustration of the structure of 
a dual-band HgTe-based CQD imaging device. The short
wave infrared (SWIR) photodiode is placed on top of the 
mid-wave infrared (MWIR) photodiode with top-side illu
mination. Bias voltage is applied between indium tin oxide 

65 (ITO) and an Au contact (grounded). FIG. 1, left axis, shows 
the atmospheric transmission window for near-infrared 
(NIR) (5500-6900 cm-1; 1818-1450 nm), SWIR (3571-5434 
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cm-1; 2800-1840 run), MWIR (1798-3545 cm-1; 5562-2821 
run), long-wave infrared (LWIR) (714-1250 cm- 1

; 14005-
8000 run). FIG. 1B, right axis, shows the optical absorption 
of SWIR and MWIR HgTe CQDs used to fabricate the 
dual-band device. The sizes of SWIR and MWIR CQDs are 5 

6 run and 9 run, respectively. FIG. lC shows a cross
sectional scanning electron microscopy image of the dual
band device. Scale bar: 300 run. In the examples described 
herein, the typical thickness for SWIR and MWIR CQDs 
layers was -400 run. A 5 run Au layer was used as the 10 

semi-transparent top contact with transmission of -60%. 
FIG. lD shows an energy diagram of the dual-band detector 
under 0V bias voltage without illumination at 85 K. llEc and 
llEv are the conduction band and valence band discontinui-

15 
ties. The shaded regions denote the MWIR and SWIR 
photodiodes. 

FIGS. 2A-2D depict photoresponse characterization of 
HgTe CQDs dual-band detectors. FIG. 2A shows an IV 
curve of a dual-band detector under dark and light condi- 20 

tions. The positive and negative bias voltages are defined 
with respect to the Au contact. FIG. 2B shows the spectral 
response of a dual-band detector under bias voltage from 
positive ( +500 m V) to negative bias (-300 m V) voltage at 
85 K. The dashed black line is the response of the internal 25 

deuterated triglycine sulfate (DTGS) in Fourier-transform 
infrared spectroscopy (FTIR), which reflects the spectral 
irradiance of the internal FTIR blackbody. FIG. 2C shows 
specific detectivity as a function of temperature under posi
tive ( +500 m V) and negative bias (-300 m V) voltage. The 30 

dashed lines are results from a model. FIG. 2D (left axis) 
shows signal ratio between spectral response at 4 µm and 2.5 
µmas a function of bias voltage. FIG. 2D (right axis) shows 
bias-dependent D* of the dual-band detector. 

FIG. 3 depicts SWIR/MWIR dual-band imaging. The top 35 

panel shows an experimental setup of the dual-band detector 
imaging process. The bottom panel shows the MWIR and 
SWIR images of a hand behind glass. 

FIGS. 4A-4E depict bias-switchable SWIR/MWIR sens
ing with a Hg Te CQDs dual-band detector. FIG. 4A shows 40 

an experimental setup of SWIR/MWIR signal ratio mea
surement as a function of temperature. FIG. 4B shows the 
photocurrent of the dual-band detector under light and dark 
conditions. The light and dark grey shaded areas are MWIR 
and SWIR photocurrents. The SWIR/MWIR ratio increases 45 

with higher object temperature. FIG. 4C shows a summary 
of the SWIR/MWIR ratio as a function of object tempera
ture. The black dots are the measured SWIR/MWIR ratio as 
a function of blackbody temperature. FIG. 4D (left axis) 
shows the SWIR and MWIR signal as a function of detector- 50 

blackbody distance. FIG. 4E shows the SWIR/MWIR ratio 
as a function of operation frequency under different black
body temperatures. 

4 
FIGS. 7A-7C depict characterization of dark current and 

open-circuit voltage. FIG. 7A shows dark current density as 
a function of the applied potential V between 95 and 160 K. 
FIG. 7B shows temperature dependence of the resistance 
area product R0A for devices treated with HgC12 (squares) 
and untreated (circles). Dashed lines are Arrhenius fits of the 
high temperature data points. FIG. 7C shows the open
circuit voltage V oc under 600° C. blackbody as a function of 
temperature for the HgC12-treated device. The dashed line is 
a linear fit. 

FIGS. SA-SD depict capacitance-voltage and Mott-
Schottky analysis of a HgTe CQD photodetector. FIG. SA 
shows AC current amplitude plotted against AC frequency 
of 10 mV peak-to-peak voltage. Capacitance was deter
mined by the slope of the linear regime. FIG. SB shows 
capacitance as a function of the reverse-bias DC voltage. 
Larger reverse-bias voltage increases depletion width, 
decreasing capacitance. FIG. SC shows resistance as a 
function of the DC reverse-bias voltage. The resistance is 
taken as the respective voltage in FIG. SA divided by the 
zero-frequency current. FIG. SD shows the Mott-Schottky 
plot for reverse-bias DC voltages. The slope of2.5±0.lxl020 

F-2 v-1 and forward-bias horizontal intercept of70 m V were 
used to determine carrier density and built-in potential, 
respectively. 

FIGS. 9A-9D depict interference-enhanced photore-
sponse and thermal imaging. FIG. 9A shows the calculated 
absorption of the Hg Te layer without ( dashed black line) and 
with the interference structure with different spacer thick
ness. The inset illustrates the interference structure. FIG. 9B 
shows the relative spectral photoresponse of HgTe CQD 
photodetectors without and with the interference structure 
normalized by the internal DTGS detector. FIG. 9C shows 
current-voltage characteristics of an interference-enhanced 
HgTe photodetector with 0.2 µm thick optical spacer. In the 
inset, In refers to the current noise in a 1 Hz bandwidth. FIG. 
9D shows the pulse response of the same interference
enhanced HgTe CQD photodetector at 80 and 160 K. 

FIGS. lOA-lOC depict Hg Te CQD photodiodes at 2.5 µm. 
FIG. lOA shows the spectral response at 300 K normalized 
to the DTGS thermal detector response for EdT/HCl-only 
and HgC12 -treated photodiodes. The 50% cutoffs are shown 
as dashed lines for each photodiode. FIG. 10B shows current 
density-voltage at 290 Kin the dark (dashed lines) and with 
the blackbody (solid lines). FIG. lOC shows an Arrhenius 
plot of dark current density at 500-m V reverse bias voltage 
for EdT/HCl-only (circles) and HgC12-treated (triangles). 
The black dashed lines correspond to an activation energy of 
320 meV. 

FIGS. llA-llC depict HgTe short-wave photodiodes at 
300 K and zero bias. FIG. llA shows responsivity as a 
function of cutoff wavelength. The dotted and dashed lines 
indicate 20% and 50% external quantum efficiency (EQE), FIGS. SA and 5B show a pixelated Hg Te CQDs film with 

a trench width and pixel size of 3 µm and 27 µm. 55 respectively. The standard deviation is indicated by the error 
bars, and the maximum (upward triangle) and minimum 
(downward triangle) values are provided. FIG. 11B shows 
R0A versus cutoff wavelength. Dashed and solid lines indi-

FIGS. 6A-6D show performance of the HgC12-treated 
HgTe CQDs MWIR detectors. FIG. 6A shows current den
sity as a function of bias voltage V under dark condition, 
background radiation, and 600° C. blackbody radiation at an 
operation temperature of 85 K. The inset figure zooms in on 60 

the dark current ( closed shield) and background current 
(open shield). FIG. 6B shows the photocurrent spectrum at 
85, 235, and 290 K. FIG. 6C shows responsivity, J?, (T). 
FIG. 6D shows D*(T) from the HgC12-treated HgTe CQDs 
MWIR detectors (black circles) and the HgTe PV MWIR 65 

detector (black arrow line) in Guyot-Sionnest, P. et al, Dots. 
Appl. Phys. Lett. 2015, 107, 253104. 

cate HgCdTe Rule-07 and InGaAs Rule-17, respectively. 
(W. E. Tennant, in J. Electron. Mater. (2010), pp. 1030-
1035; and Y.-G. Zhang et al., Appl. Opt. 57, D141 (2018).) 
FIG. llC shows specific detectivity versus cutoff wave
length. Also indicated is a prior HgTe CQD detector with a 
Fabry-Perot cavity and D* for commercial InGaAs and 
HgCdTe detectors. (X. Tang, et al., Small 15, 1804920 
(2019).) As in FIG. llA, the standard deviation, maximum, 
and minimum values are indicated. 
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FIG. 12A shows photoluminescence of Hg Te CQD films. 
Untreated film (no crosslinker, circles), EdT/HCl-only 
(downward triangles), HgC12 -treated (upward triangle). 
FIGS. 12B and 12C show electrochemical conductance and 
mobility measured for EdT/HCl-only and HgC12 -treated 5 

HgTe CQD films. In FIG. 12B, the dashed lines indicate the 
equilibrium potential of the film. 

arranged in a back-to-back, n-p-n configuration. The first 
rectifying photodiode includes the first layer 140 of CQDs 
having the p-doped CQD region and then-type layer 130. 
The second photodiode includes the second layer 160 of 
CQDs having a p-doped quantum dot region and then-type 
layer 170 that form a rectifying junction. The p-doped 
regions of the two photodiodes provide a hole tunneling 
layer. In the illustrative example shown here, silver telluride 
nanoparticles are used as the p-type dopant source. How-DETAILED DESCRIPTION 

Photodetectors based on CQDs, imaging arrays formed 
from a plurality of the photodetectors, and methods of 
making the photodetectors are provided. Also provided are 
methods for doping the CQDs via a solid-state cation 
exchange method. 

The photodetectors include single-band photodetectors, 
as well as multi-band photodetectors that are composed of 
two or more rectifying photodiodes stacked in a back-to
back configuration. In the multi-band photodetectors, the 
spectral responses of the photodiodes can be controlled by 
adjusting the polarity and magnitude of a bias voltage 
applied across the photodiode stack. Some embodiments of 
the multi-band photodetectors are infrared photodetectors in 
which a first rectifying photodiode and a second rectifying 
photodiode exhibit a photoresponse over different wave
length ranges of the infrared region of the electromagnetic 
spectrum, such as in the SWIR (i.e., wavelengths from about 
0.9 to about 2.5 µm) and the MWIR (i.e., wavelengths from 
about 3 to about 5 µm). 

FIG. lA is a schematic illustration of one embodiment of 
a dual-band photodetector 100. For the purpose of illustra
tion, HgTe-based CQDs are used as the active material in 
this photodetector 100. However, it should be understood 
that a dual-band photodetector having the same structure 
could be made using CQDs formed of other materials, 
including other mercury chalcogenides, such as HgS and 
HgSe. As will be understood by those skilled in the art, 
CQDs are semiconductor crystals formed from inorganic 
chemical reactants via colloidal synthesis; as such, CQDs 
are distinguishable from epitaxial quantum dots, which are 
grown on a substrate epitaxially or defined in a substrate 
lithographically. The CQDs have size-dependent optical 
properties due to effects of quantum confinement. The CQDs 
are typically spherically-shaped with nanoscale diameters in 
the range from, for example, 2 nm to 10 nm. 

The dual band photodetector 100 is formed on a sapphire 
substrate 110 and sequentially comprises an ITO layer 120, 

10 ever, depending upon the desired dopant atom type, other 
types of dopant atom-containing nanoparticles could be 
used. By way of illustration, antimony telluride or copper 
telluride nanoparticles could be used as Sb and Cu dopant 

15 

sources, respectively. 
The CQD layers 140, 160 may also haven-doped regions 

formed adjacent to the corresponding n-type Bi2 Se3 layers 
130, 170. Generally, in the photodiodes, either the p-doped 
region, then-doped region, or both will be formed within the 
CQD films. However, it is possible to use a separate layer of 

20 n-type or p-type material in contact with the CQD film, 
rather than a doped-region within the film, to complete the 
junction. For example, a layer of indium tin oxide (ITO), or 
another n-type semiconductor disposed between the CQD 
film and the electrode could act as an n-type layer. In some 

25 embodiments of the photodetectors, including the one 
shown in FIG. lA, layers ofn-type semiconductor nanopar
ticles (i.e., n-type layers) are provided between the first 
electrode and its neighboring CQD layer and between the 
second electrode and its neighboring CQD layer. In the 

30 illustrative example shown here, Bi2 Se3 nanoparticles are 
used as then-type layer. Other bismuth chalcogenides hav
ing the formula Bi2X3 , where X is Te or S, also could be 
used. In some embodiments, the layer 130 of Bi2 Se3 nan
oparticles as shown in FIG. lA could be omitted, and the 

35 ITO layer 120 could form the n-type layer. 
As illustrated in FIG. lA, the sizes of the quantum dots in 

the first and the second photodiodes are different, so that the 
two photodiodes have photocurrent peaks in different 
regions of the electromagnetic spectrum under an applied 

40 bias. In the dual-band photodetector shown in FIG. lA, the 
upper photodiode employs smaller quantum dots in its active 
layer and, therefore, would exhibit a photoresponse at 
shorter wavelengths than the lower photodiode. However, 
the photodetector could also be arranged such that the 

45 photodiode having a photoresponse at longer wavelengths 
was at the top of the stack. It is also contemplated that the 
CQDs of the first and second photodiodes are composed of 
different materials having a photoresponse at different wave-an n-type layer 130 of Bi2 Se3 , a first layer 140 of CQDs, a 

p-type layer 150 of Ag2 Te, a second layer 160 ofCQDs, an 
n-type layer 170 of Bi2 Se3 capped by a gold contact layer 50 

180 forming an electrode. In the illustrated embodiment, the 
ITO layer 120 forms the other electrode. The first and second 
layers 140, 160 of quantum dots have a p-doped region 
formed adjacent to the p-type Ag2 Te layer 150 using the 
solid-state cation exchange doping method described herein. 

lengths. 
The dual-band photodetector further includes a first elec-

trode and a second electrode, at least one of which is 
transparent in the region of the electromagnetic spectrum to 
be detected. As used herein, the term transparent does not 
require the transmission of 100% of the radiation to be 

55 detected. Rather, it is sufficient that the degree of transmis
sion is sufficient to render the photodetector sufficiently 
sensitive for its intended application. Typically, a transmis
sion of at least 50%, at least 60%, at least 70%, or at least 
90% is sufficient for an electrode to be considered transpar-

In some embodiments, the p-type layer 150 is no longer 
present in the final structure of the photodiode 100 after the 
above-described doping method has been used. However, 
retaining the p-type layer can be advantageous because this 
layer can create or improve the rectifying junctions for the 
photodiodes by suppressing dark current and providing an 
asymmetric IV curve. In some embodiments, one or both of 
the n-type layers 130, 170 of Bi2 Se3 are also omitted. 
However, these layers can also be used to improve rectifi
cation. 

The dual-band photodetector is, thus, composed of a first 
rectifying photodiode and a second rectifying photodiode 

60 ent. The transparency may be imparted to the electrode by 
virtue of the thickness of the electrode, the material from 
which the electrode is made, or both. The first and second 
electrodes are configured to apply a bias voltage across the 

65 

photodiodes, using a voltage source. 
Although the embodiment of the photodetector shown in 

FIG. lA has an n-p-n configuration, photodetectors having a 
p-n-p configuration can also be fabricated. In the p-n-p 
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configuration, the p-doped regions (or p-type layer) would 
be formed at the electrode sides of the CQD films, and the 
n-type layer ( or n-doped regions) would be located between 
the first and second photodiodes. For example, the Bi2X3 

nanoparticle layers in the detector of FIG. lA could be 
replaced by p-doped regions at the electrode sides of the first 
and second CQD films, and the p-doped regions at the 
interface of the two photodiodes could be replaced by a 
Bi2X3 nanoparticle layer to provide a p-n-p configuration. 

8 
(i.e., a quantum dot anion). For example, for Hg Te quantum 
dots, Hg is the quantum dot cation and Te is the quantum dot 
anion. The sacrificial semiconductor nanoparticles also 
include a cation (i.e., a nanoparticle cation) and an anion 
(i.e., a nanoparticle anion). For example, for Ag2Te nan
oparticles, Ag is the nanoparticle cation and Te is the 
nanoparticle anion. The nanoparticle cation can be used to 
form a doped region in an adjacent layer of CQDs via cation 

When radiation of an appropriate wavelength is incident 10 

upon the quantum dots of the photodetector, electron-hole 
pairs are created and are separated by a built-in potential. 
The separated carriers then flow towards their respective 
collection contacts, thereby producing a photocurrent out
put. The production ofthis photocurrent is referred to herein 15 

as a photoresponse. The wavelength range over which a 
given photodiode exhibits a photoresponse will be charac
teristic of the types and sizes of the CQDs that make up the 
active region of the photodiode. Therefore, the first photo
diode will produce a photocurrent peak over a first wave- 20 

length region and the second photodiode will produce a 
photocurrent peak over a second wavelength region. The 
two wavelength regions will differ, although there may be 
some overlap in the photocurrent peaks. Moreover, the 
photoresponse for each of the photodiodes will depend on 25 

the magnitude and/or polarity of the bias voltage. Therefore, 

exchange. The nanoparticle anion is the same anion as the 
quantum dot anion. 

As used herein, the term "nanoparticle" generally refers to 
a particle having at least one nanoscale dimension and, 
typically, two or three nanoscale dimensions (i.e., length, 
width, and height or, in the case of substantially spherical 
nanoparticles, diameter); thus, nanoparticles include par
ticles having one or more dimensions that measure 1000 nm 
or smaller. This includes particles having one or more 
dimensions that are 500 nm or smaller and particles having 
one or more dimensions that are 100 nm or smaller. 

In the methods described herein, quantum dot precursors 
are used to carry out doping on a pre-formed film that 
includes a layer of the sacrificial semiconductor nanopar
ticles over or under a layer of CQDs. The quantum dot 
precursors, include a cation (i.e., a precursor cation) and an 
anion (i.e., a precursor anion). For example, for a HgC12 

quantum dot precursor, Hg is the precursor cation and Cl is 
by adjusting the bias voltage, different photodiodes in the 
photodetector stack can be "activated" independently to 
provide switching between different detection modes. By 
calibrating the response of the different photodiodes, the 30 

multi-band photodetectors can be used as temperature sen
sors to determine the absolute temperature of objects, irre
spective of optical power and their distance from the detec
tor. 

the precursor anion. In some embodiments of the methods, 
the precursor cation is the same cation as the CQD cation. 
However, the precursor cation need not be the same cation 
as the CDQ cation. The quantum dot precursors can be 
inorganic salts, metal complexes, or adducts. The quantum 
dot precursors are so called because they react with the 
semiconductor nanoparticles to form quantum dots, as 
described in more detail below and illustrated in the 

Multi-band photodetectors and, in particular SWIR and 
MWIR dual-band photodetectors, are useful in a wide vari
ety of applications, including semiconductor wafer inspec
tion, chemical detection, and surveillance. In addition, 
multi-band detectors can produce merged color images of 
two or more colors and provide more information than the 
single-color images. Arrays of individually addressable 
detectors can be fabricated to provide a pixel array, as 
illustrated in the images of FIGS. SA and SB. 

While multi-band photodetectors are particularly useful 
for certain applications, single-band photodetector are also 
useful. Therefore, the methods described herein can also be 
used to make single-band photodetectors that include a 
single photodiode with a single CQD film having a p-doped 
region and/or an n-doped region. For example, a single-band 
detector can be fabricated using the procedures described 
herein. By way of illustration, a SWIR detector can be 
fabricated that has each of the components shown in FIG. 
lA, other than the film of larger Hg Te CQDs and the lower 
layer of Bi2 Se3 nanoparticles. Similarly, a MWIR detector 
can be fabricated that has each of the components shown in 
FIG. lA, other than the film of smaller Hg Te CQDs and the 
upper layer of Bi2 Se3 nanoparticles. 

The quantum dot layers in the photodiode of FIG. lAcan 
be doped using a solid-state cation exchange CQD doping 
method. The solid-state cation exchange CQD doping 
method could be used for doping CQD layers for purposes 
other than forming the photodiode as discussed herein. The 
solid-state cation exchange CQD doping method employs 
sacrificial semiconductor nanoparticles, which may them
selves be CQDs, as a dopant source for films of quantum 
dots in the photodiodes. The CQDs of the photodiodes 
include a cation (i.e., a quantum dot cation) and an anion 

35 Examples. 
When a film that includes the CQDs and the semicon

ductor nanoparticles is exposed to a solution that includes a 
quantum dot precursor, the quantum dot precursor and the 
sacrificial semiconductor nanoparticles undergo cation 

40 exchange, whereby new quantum dots are formed, and the 
nanoparticle cations are released from the sacrificial semi
conductor nanoparticles. The released cations are then 
immobilized within the quantum dots or immobilized near 
the quantum dots, where they act as dopants by increasing 

45 the carrier concentration. The resulting doped region in the 
layer of QDs is spatially stable and has a finite thickness that 
does not extend through the entirety of the CQD layer. By 
way of illustration only, the doping depth can be limited to 
50% of the thickness of the CQD film or less, 30% of the 

50 thickness of the CQD film or less, 10% of the thickness of 
the CQD film or less, or 1 % of the thickness of the CQD film 
or less. By way of illustration, the CQD films may have a 
thickness in the range from 100 nm to 1000 nm, including 
from 200 nm to 600 nm. However, thicknesses outside of 

55 these ranges can also be used. Depending on the type of 
cation present in the sacrificial nanoparticles, the dopants 
may be p-type or n-type, and the resulting doped region may 
be p-doped or n-doped. Dopant concentrations that can be 
achieved include concentrations in the range from about 

60 1015 cm-3 to about 1023 cm-3
, including in the range from 

1020 cm-3 to 1022 cm-3
. 

Although the inventors do not intend to be limited to any 
particular theory behind the doping mechanism, the limited 
doping depth may be attributed to the release of the dopant 

65 cations in the form of a relatively low-solubility salt com
pound comprising the dopant cations and the anions of the 
quantum dot precursor. This salt is smaller than the semi-
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conductor nanoparticles and, therefore, can diffuse more 
readily into the CQD film. The size of the nanoparticles can 
affect the depth of the doping region because smaller semi
conductor nanoparticles can penetrate more deeply into the 
CQD layer. Thus, larger nanoparticles can be used to create 5 

shallower doping regions. However, if the nanoparticles are 
too large, they may have a poor size distribution and poor 
colloidal stability. By way of illustration only, in some 
embodiments of the methods, semiconductor nanoparticles 
having diameters in the range from 5 nm to 10 nm are used. 10 

However, nanoparticles having diameters outside of this 
range also can be used. 

The doping methods disclosed herein can be conducted at 
or near room temperature, including temperatures in the 
range from 20° C. to 25° C. The capability of low-tempera- 15 

ture processing provides an advantage over conventional 
thermal diffusion doping because it can be carried out 
without the need for high temperature processing. This is 
beneficial for CQDs, such as mercury chalcogenide quantum 
dots, that are susceptible to the loss or degradation of their 20 

optical and electronic properties upon thermal annealing. It 
should be understood that the CQD layers 140, 160 could be 
doped using any suitable doping method. 

The doping process can be used to dope a variety of 
quantum dots using a variety of semiconductor nanopar- 25 

ticles, provided that the quantum dots being produced in the 
chemical conversion of the semiconductor nanoparticles 
have a lower solubility in the conversion solution than do the 
semiconductor nanoparticles. Solvents for the conversion 
solutions will typically include polar, protic solvents, such as 30 

water, methanol, propanol, ethanol, and mixtures or two or 
more thereof. Films of mercury chalcogenide quantum dots, 
such as mercury telluride (HgTe) quantum dots, having a 
silver (Ag) doped surface layer of finite depth (i.e., a doped 
region) are examples of the types of films that can be formed 35 

using the methods described herein. Detailed descriptions of 
the process for doping films of Hg Te with Ag are provided 

10 
the solid-state cation exchange doping process is completed, 
neighboring p-doped regions will be formed in both of the 
photodiodes. This is illustrated in detail in the Examples and 
described more generally directly below. Alternatively, a 
layer of sacrificial semiconductor nanoparticles that includes 
an n-type dopant cation can be disposed between the CQD 
films of two photodiodes to form neighboring n-doped 
regions in the stack. The p-doped or n-doped regions have a 
high carrier concentration and act as charge carrier (i.e., hole 
or electron) turmeling regions. In the doping process, the 
sacrificial nanoparticles are desirably entirely converted into 
a doped CQD region. However, it is not necessary that all of 
the sacrificial quantum dots be converted; part of the layer 
of sacrificial nanoparticles can remain and form a part of the 
charge carrier tunneling layer. 

EXAMPLES 

Example 1: Dual-Band IR Photodetector 

This example describes the fabrication and operation of 
the dual-band detector illustrated in FIG. lA, which includes 
one SWIR and one MWIR photodiode arranged in "n-p-n" 
structure with Bi2 Se3 and Ag2Te as n- and p-layers. Hg Te 
CQDs are used as the sensing material, since HgTe CQDs 
have a high spectral tunability. Different-sized HgTe CQDs 
were synthesized with a well-controlled absorption feature 
in the SWIR and MWIR regions, as shown in FIG. lB. 
(Ackerman, M. M. et al., ACS Nano 12, 7264-7271 (2018).) 
The CQDs dual-band detector was fabricated by simple 
consecutive drop-casting or spin-coating of different colloi-
dal nanomaterials followed by an associated cross-linking 
process. 

A uniform and smooth CQD film was fabricated (FIG. 
1 C), and the constitution of the different layers was precisely 
defined without mixing of the two different HgTe CQD 
layers, as evidenced by the photoluminescence (PL) mea
surements of the dual-band detector, which revealed two 
clear, well-separated narrow peaks in the SWIR and MWIR 

in the Example, below, and in M. M. Ackerman et al., ACS 
Nano 2018, 12, 7264-7271, the entire disclosure of which is 
incorporated herein by reference. 40 ranges at a wide operation temperature range. 

Other CQDs that can be doped using the methods 
described herein and incorporated as active materials in a 
photodetector include lead chalcogenides having the for
mula PbX and cadmium chalcogenides having the formula 
CdX, where X represents S, Se, or Te. Sacrificial semicon- 45 

ductor nanoparticles that can be used to dope the lead 
chalcogenide quantum dots and cadmium chalcogenide 
quantum dots include NiX nanoparticles, SbX nanoparticles, 
and SnX nanoparticles, where NiX nanoparticles would act 
as a p-type dopant source and SbX and SnX nanoparticles 50 

would act as n-type dopant sources. Guidance regarding the 
selection of appropriate quantum dots and sacrificial nan
oparticles can be found in the literature, including in De 
Trizio et al., Chem. Rev., 2016, 116 (18), 10852-10887. 
Starting with the NiX, SbX, or SnX sacrificial nanoparticles, 55 

the conversion of the sacrificial nanoparticle layer partially 
or completely into PbX or CdX quantum dots could be 
performed using Pb halides (Cl, Br, I), Cd halides, Pb 
acetate, Cd acetate, Pb nitrate, cadmium nitrate, or other 
such soluble inorganic Pb and Cd metal salts, as the quantum 60 

dot precursors. 
The cation-exchange-based doping methods can be used 

to form the doped regions in a CQD film during the 
fabrication of a photodetector. For example, a layer of 
sacrificial semiconductor nanoparticles that includes a 65 

p-type dopant cation can be disposed between the CQD 
films of two photodiodes in a dual-band photodetector. After 

The successful operation of such dual-band detectors 
requires efficient photocarrier transport across the interface 
between the two opposite photodiodes. Both "p-n-p" and 
"n-p-n" structures could be designed. However, for HgTe 
CQDs, the heavy hole gives a much smaller contribution to 
the confinement energy than the light electron. Therefore, 
for identical surface conditions of SWIR and MWIR CQDs, 
the valence band offset ti.Ev, should be much smaller than the 
conduction band offset ti.Ee. This implies that the holes 
should flow most easily through the interface and that the 
"n-p-n" structure should be better. Using Anderson's rules, 
the energy diagram is then constructed. (Anderson, R. L. 
IBM. Res. Dev. 4, 283-287 (1960).) The simplified energy 
diagram of unbiased "n-p-n" is illustrated in FIG. lD. The 
smaller ti.Ev was confirmed by field-effect transistor (FET) 
and Kelvin probe measurements, from which a conduction 
band discontinuity ti.Ee =0.14±0.01 e V and a smaller valence 
band discontinuity li.Ev=0.06±0.01 eV were determined. 
Since the HgTe CQDs on the p-side are heavily doped, the 
moderate valence offset leads to a thin barrier across which 
the photoexcited holes can readily tunnel. In contrast, for the 
alternative "p-n-p" structure, the interfacial transport for 
photoexcited electrons from MWIR to SWIR is blocked by 
ti.Ee, leading to a reduced MWIR response, which was 
indeed observed. 

The construction of "n-p-n" configuration relies on spa
tially stable doping across the stacked CQD layers. Ag2Te 



US 12,015,093 B2 
11 12 

nanocrystals are good p-dopants for HgTe CQDs by diffu
sion of Ag+ ions into adjacent HgTe CQDs. Moreover, with 
exposure to the HgC12 solution, a large amount of Ag+ ion 
was released from Ag2Te and immobilized to the most 
adjacent HgTe CQDs in the form of insoluble AgCl, leading 5 

to spatially stable and reliable doping. By optimizing the 
size effect of the Ag2 Te nanocrystals on doping depth, a 
layer of strongly p-doped HgTe CQDs (+ 1.6±0.2 I el/dot) can 
be engineered at optimal conditions (-9 nm Ag2 Te), leading 
to a well-rectifying junction with high photoresponse. For 10 

the n-side layer, bismuth chalcogenide nanocrystals (Bi2X3 : 

The performance of the dual-band detector was then 
characterized by measuring the temperature-dependent D* 
in both SWIR mode and MWIR mode, as shown in FIG. 2C. 
To tum off the MWIR and SWIR photodiode, bias voltages 
of -300 mV and +500 mV were applied respectively. Two 
distinct curves of temperature-dependent D* were observed, 
indicating that the SWIR photodiode or MWIR photodiodes 
were selectively activated. As the operation temperature 
increased from 85 K to 295K, the D* of the MWIR 
photodiode gradually decreased from 3Xl010 to 107 Jones, 
while the SWIR D* was less sensitive to temperature, 
varying between 3Xl010 and 1011 Jones. Therefore, the 
dual-band detector changed from a two-color detector at low 
operation temperature to a single-color SWIR detector at 
room temperature. The spectral response at 295 K is shown 
in FIG. 2D. To provide some understanding of the D* of the 
different-sized HgTe CQDs, the D* of the HgTe CQDs 
photodiode is modeled as: 

Bi2 Te3 , Bi2 Se3 , and Bi2 S3 ) are used as n-dopants, because 
n-type Bi2X 3 has high electron density. Among Bi2X 3 , 

Bi2 Se3 was found to be the best n-type layer in the examples 15 
described herein. Optical absorption of synthesized Bi2 Se3 

nanocrystals showed a plasmon resonance peak at - ll 00 
cm-1

, from which an electron density of l.5xl0 18 cm-3 is 
estimated. The FET measurement of Bi2 Se3 /HgTe CQDs 
showed n-type behavior with an electron concentration of 20 

0.12±0.01 e/dot. More importantly, the synthesized Bi2 Se3 

nanocrystals are in the form of heavily aggregated nano
plates with a size of -50 nm, which prevents any possible 
diffusion and produces a stable interface. Unlike the case of 
Ag2 Te, where Ag+ diffusion is considered responsible for the 25 

p-doping, it is speculated that the n-doping is due to inter
facial charge transfer from Bi2 Se3 to HgTe CQDs. Although 
the electron doping is moderate, the room-temperature 
detectivity D* of the SWIR photodiode dramatically 
increased from 2.9xl09 to 6xl010 Jones with the addition of 30 

ae (-') ·-l)exp -
hv ID 

where A is the sensing area, M is the bandwidth, In is the 
noise spectral density, 9t is the responsivity, R is the resis
tance of the diode, a is the absorption, e is elementary 
charge, hv is the photon energy, Tl is the quantum yield of 
charge separation, 1 is the thickness of CQDs film, and 10 is 
the diffusion length. the thin Bi2 Se3 layer, to the extent that the SWIR D* is now 

comparable with the commercial InGaAs SWIR detectors 
(PDA10D2, Thorlabs). Furthermore, the doping profile sta
bility was confirmed by measuring the open-circuit voltage 
V oc over an extended time. The measured V oc remained 
almost unchanged over one month with multiple cycles of 
cooling down and warming up operation. 

It's worth noting that, unlike CQDs solar cells or NIR 
photovoltaics, the approaches to make rectifying photo
diodes using either Schottky structures or pn diodes by 
engineering surface ligands (e.g., s2

-, r-, Br-, c1-, 1,2-
Ethanedithiol) yielded unstable devices with low responsiv
ity ( < 10-2 A/W), indicating insufficient doping and difficulty 
in controlling the doping profile in the device stacks, pos
sibly due to the uncontrollable diffusion or mixing of ligands 
between drop-casted layers. Those results revealed an over
looked fundamental difficulty in extending CQDs photovol
taics from visible to mid-infrared regions, associated with 
the much-reduced bandgaps and the much larger density of 
thermal carriers. 

Using a 600° C. blackbody as light source, the IV curve 
of the dual-band detector was measured at cryogenic tem
peratures, as shown in FIG. 2A. The black line is the dark IV 
curve, and the dark current is suppressed for both positive 
and negative bias due to the "back-to-back" diode configu
ration. The solid line denotes the illuminated IV. To further 
verify the dual-band response, bias-dependent spectral 
responses were measured as shown in FIG. 2B. By changing 
the bias voltage from -300 mV to +500 mV, the spectral 
response gradually switches from SWIR mode to MWIR 
mode, in agreement with the proposed energy diagram (FIG. 
1D). Mixed response, SWIR mode, and MWIR mode were 
all observed, depending on the polarity and magnitude of 
V bs· Overall, D* above 1010 Jones is achieved for both 
SWIR and MWIR detectors. Clearly, by optimizing the 
electron and hole doping, dual-band detectors with reliable, 
high-performance SWIR/MWIR response can be fabricated. 

The experimental results match well with the calculated 
D* (dashed lines in FIG. 2C). As the temperature drops and 
the thermally activated carrier density decreases, this leads 

35 to more resistive junctions. Therefore, the noise In decreases 
for both SWIR and MWIR. However, the major difference 
between the SWIR and MWIR CQDs arises from the 
different roles that size has on the energy gap and the carrier 
mobility. The smaller SWIR HgTe CQDs have a larger 

40 energy barrier for hopping. This leads to a much faster 
decrease of the mobility with temperature, resulting in lower 
carrier collection efficiency and responsivity at low tem
perature. However, the thermal carrier density becomes 
smaller and the dark resistance remains high such that the 

45 D* from the SWIR diode does not change much with 
decreased temperature. On the other hand, the smaller gap of 
the MWIR HgTe CQD leads to a large decrease in thermal 
carrier density at low temperatures, while the mobility is not 
as strongly affected. This leads to an increase of both 

50 responsivity and junction resistance such that the D* is 
much improved at cryogenic temperatures. 
Dual-Band Infrared Imaging 

As a visual demonstration of the dual-band detector, a 
single-pixel scanning imaging system was developed (FIG. 

55 3). A BaF2 lens was scanned to move the projected image 
over the dual-band detector. By switching the bias voltage, 
active SWIR imaging and passive MWIR imaging can be 
realized. Here, the word "active" means an external SWIR 
light source is needed, provided by a tungsten lamp. As 

60 shown in the bottom inset of FIG. 3, the MWIR image maps 
the thermally emitted light and provides the temperature 
distribution, while the SWIR image maps the reflected/ 
scattered light from a tungsten lamp and gives a visible-like 
image with more information on the texture and details of 

65 the object. SWIR images can be taken at all temperatures, 
but cooling the detector to 85K is required to provide better 
quality MWIR images. 
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Comparisons were made between visible, SWIR, and 
MWIR images. The images illustrate that SWIR can see 
through objects that are opaque in the visible (silicon wafer) 
and MWIR (glasses). In addition, transparent solvents in 
visible images appear differently in the SWIR due to their 5 

vibrational absorptions. Therefore, as is well-known, SWIR 
and MWIR infrared images have great potential in wide 
applications like wafer inspection, chemical detection, and 
surveillance. More importantly, dual-band detectors can 
produce merged two-color images. For example, SWIR can 10 

be used to identify water samples, and MWIR can be used 
to determine which is hotter. It is clear that a merged 
two-color image is able to provide more information than 
the single-color images. 

14 
bility of the device performance. Moreover, the HgTe CQD 
films are compatible with cleanroom microfabrication tech
niques, and pixelated HgTe CQDs films could be fabricated 
with small pitches (FIGS. SA and SB). The HgTe CQD 
detectors are therefore a route to low-cost, fast, and high
resolution dual-band infrared imaging cameras. 
Methods 
Synthesis of Colloidal Materials 

The synthesis ofHgTe CQDs andAg2Te nanocrystals are 
similar to those reported in Ackerman, et al. (Ackerman, M. 
M. et al., ACS Nano 12, 7264-7271 (2018).). For HgTe 
CQDs, HgCl2 (0.15 mmol) was dissolved in 4 g of oley
lamine in a 20 mL glass vial at 100° C. for 30 min with 
stirring in a glovebox. The temperature was then adjusted to 

Switchable Dual-Band Sensing at High Frequency 15 the reaction temperature and stabilized for 30 min. Tellurium 
in trioctylphosphine (TOP) solution (1 M, 0.15 mL) was 
rapidly injected. The clear solution immediately turned 
black. The reaction temperature and reaction time depend on 

Advantages of dual-band detection over single-band 
detection are manifold. Besides imaging, it is demonstrated 
herein that dual-band detection provides more reliable deter
mination of the object temperature than single-band detec
tion. By modulating the bias voltage, the SWIR and MWIR 20 

signals can be read sequentially during a short time interval. 
The experimental setup is shown in FIG. 4A. The dual-band 
detector was biased with a square waveform voltage at 
frequencies from IO to I 00 kHz. A calibrated blackbody was 
used as the light source (FIG. 4A, upper panel). By increas- 25 

ing the blackbody temperature, the optical power in the 
SWIR and MWIR bands changed as the emission peak 
moved towards shorter wavelength (FIG. 4A, middle panel). 
Therefore, the SWIR/MWIR signal ratio from the dual-band 
detector can be used to determine the object temperature. To 30 

obtain reliable SWIR and MWIR response, bias voltages 
alternating between +0.8V and -0.4 V were applied (FIG. 
4A, lower panel). 

The representative square wave photoresponses are 
shown in FIG. 4B. The detector was operated at 10 kHz at 35 

85K. Curves corresponding the currents with and without 
illumination are shown. The differently shaded areas denote 
the magnitude ofMWIR and SWIR signals, from which the 
SWIR/MWIR ratio is calculated. As the blackbody tempera
ture increased from 400 to 950° C., the SWIR/MWIR signal 40 

ratio increased from 0.04 to 0.38 accordingly (FIG. 4B, two 
left panels). The results confirmed that the SWIR/MWIR 
signal can be used to measure temperature. Using the 
blackbody response as reference, the temperature of hot 
objects, like a soldering iron (FIG. 4B, top right panel) and 45 

a heat gun (FIG. 4B, lower right panel), can be measured 
remotely (FIG. 4C). The measured temperature of a candle 
flame is lower than its actual value (-1300° C. ), and this 
effect is known to be due to the higher emissivity of the 
flame at the CO2 stretching vibration in the MWIR band. 50 

the target size ofHgTe CQDs. In this example, 95-100° C. 
for 10 min and 75-80° C. for 5 min were typical conditions 
for MWIR and SWIR HgTe CQDs. The reaction was 
quenched by injecting a solution of 0.4 mL dodecanethiol 
(DDT) and 0.16 mL TOP in 4 mL tetrachloroethylene 
(TCE). After quenching, the vial was quickly removed from 
the glovebox and cooled. For film preparation, -2 mL of 
crude solution was removed and diluted with 2 mL of TCE, 
0.3 mL of TOP, and 0.3 mL of DDT. The solution was 
precipitated with an equal volume of isopropanol (IPA) and 
centrifuged at 4500 rpm for 2 min. Finally, the precipitate 
was resuspended in 4 mL of chlorobenzene and stored in 
ambient conditions. 

In an alternative Hg Te CQD synthesis, bis-(trimethylsilyl) 
telluride (TMSTe) was used to initially synthesize spherical 
HgTe quantum dots according to the methods described in 
Shen et al., The Journal of Physical Chemistry Letters 
(2017), 8, 10, 2224-2228, the entirety of which is incorpo-
rated herein by reference. The HgTe quantum dots made 
using TMSTe tend to be better separated but more spherical 
than HgTe CQDs synthesized using the method above. The 
spherical HgTe CQDs from this initial synthesis were then 
reacted with similar molar amounts of TOP telluride 
(TOPTe) that was added to the solution. This has the effect 
of retaining the improved size dispersion and separation, 
while converting the quantum dots to a more tetrahedral 
shape, which is reflected in their absorption and photolumi
nescence spectra; a strong narrowing was evident in the 
spectra, relative to that of HgTe CQDs made using only 
TMSTe, and a noticeable narrowing was evident in the 
spectra, relative to that of the Hg Te CQDs made with only 
TOPTe. 

For Ag2 Te nanocrystals, silver (I) nitrate (AgNO3 , 34 mg, 
0.2 mmol) was dissolved in oleylamine (OAm, 5 mL) with 
oleic acid (OA, 0.5 mL) for 30 minutes with stirring at 70° 
C. in a nitrogen glovebox. Once dissolved, trioctylphosphine 
(TOP, 0.5 mL) was injected, and the clear solution was 
heated rapidly to 160° C. The solution began to turn yellow 
at temperatures above 140° C. and was kept at 160° C. for 
35-45 minutes until it was orange colored. A separate 
solution of TOP telluride (TOPTe, 1 M) was prepared by 

Dual band detection is also essential to measure tempera
ture accurately when the background temperature in 
unknown. Indeed, in a single detector, a temperature reading 
requires a stable calibration with respect to a known back
ground temperature or a shutter at a known temperature. In 55 

a dual band detector, the SWIR/MWIR signal ratio is 
independent of the optical power or distance between the 
detector and the measured object. This is shown in FIG. 4D, 
highlighting the fact that the dual-band detector can be used 
for absolute and remote temperature measurement. 60 dissolving Te pellets in TOP at 150° C. for 1-2 hours, or until 

dissolved, and then cooled to room temperature. TOPTe (0.1 
mL, 0.1 mmol) was injected to the reaction solution. The 
solution immediately turned from orange to black, and the 

As shown in FIG. 4E, the dual-band detector operates up 
to 100 kHz without changes in the SWIR/MWIR ratio. The 
response time is <2.5 µs, which is limited by the amplifier 
(fcut-off=500 kHz). During the measurements, the dual-band 
detector went through -200 million times switching cycles 65 

( operation timexfrequency) without changes in dark current, 
signal noise, and responsivity, demonstrating the high sta-

reaction time was 10 minutes. Then, the reaction mixture 
was removed, cooled, and stored in a freezer (-8° C.) until 
required. For Bi2 Se3 , 0.1 mmol ( 40 mg) bismuth (III) acetate 
and 5 mL of oleic acid (OA) was added into a 20 mL vial. 
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The solution was moved to a glove box and stirred at 100° C. 
for 1 hr to form a clear solution. A solution of selenium 
precursor was prepared by dissolving 2 mmol (246 mg) 
selenourea in 10 mL of oleylamine at 100° C. to form a 
transparent, orange-colored stock solution, which was stored 5 

in the glovebox. 0.15 mmol (0.75 mL) of the stock sele
nourea solution was rapidly injected to the bismuth solution. 
The clear solution immediately turned black, and the reac
tion proceeded for -1.5 min before being removed from the 
hotplate. The black solution was removed from the glove- 10 

box, cooled in a water bath, precipitated with acetone, then 
centrifuged at 4500 rpm for 5 minutes. The supernatant was 
removed, and the black precipitate was dispersed in 4 mL of 
chlorobenzene. Stock solutions appeared brown to purple in 
color and were colloidally stable for -1 month under ambi- 15 

ent conditions. 

Thorlabs) was scanned over a 15 mmx15 mm2 area. Two 
linear motorized stages (X-axis: ELL 7K, Thorlabs, and 
Y-axis: PT1-Z8, Thorlabs) were used to scan the lens. As the 
projected image of the object moved over the detector, the 
photocurrent was amplified and sampled by the software at 
3 kHz sampling rate. The recorded data array was then used 
to construct images. The number of points in the vertical and 
horizontal directions was 75 and 500, respectively. For 
SWIR imaging, a 75 W tungsten lamp was used as the light 
source, and it was placed -40 cm away from the objects. 

Switchable dual-band sensing. The dual-band detector 
was biased by a function-generator (33220A, Agilent), and 
the current was amplified by a current amplifier (DLPCA-
200, Femto) at a gain of 104 V/A (Bandwidth 500 kHz). The 
noise was measured using a spectrum analyzer as reported in 
prior work. (Ackerman, M. M. et al., (2018) and Tang, X. et 
al., ACS Nano 12, 7362-7370 (2018).) The SWIR/MWIR 
signal ratio was recorded when the detector was exposed to 
objects with different temperatures. 

Prior to being drop-casted, the HgTe CQDs and Ag2Te 
nanocrystal solutions were cleaned a second time. 200 µL of 
HgTe CQDs was precipitated with 50 µL of 0.1 M dido
decyldimethylammonium in IPA. The HgTe CQDs was 20 

centrifuged and resuspended in 40 µL of chlorobenzene and 
160 µL of butyl acetate. For the Ag2Te nanocrystals, 200 µL 

Example 2: Single-Band MWIR Photodetector 

of crude solution was precipitated with methanol and cen
trifuged. After removing the supernatant, 50 µL of DDT and 
150 µL of chlorobenzene were added to resuspend the solid. 
Cleaning with methanol was repeated twice more, dissolv
ing in chlorobenzene between cleanings. Finally, the Ag2 Te 
nanocrystals were suspended in 400 µL of 9:1 hexane/ 
octane. 

This example illustrates the fabrication and operation of a 
single-band HgTe CQD-based MWIR photodetector. 

25 Methods 

Device fabrication. The fabrication of the dual-band 30 

HgTe Colloidal Quantum Dot Synthesis. HgTe CQDs 
were synthesized according to a previously reported proce
dure with slight modifications. (Keuleyan et al., ACS Nano 
2014, 8, 8676-8682.) HgCl2 (0.15 mmol) was dissolved in 4 
g of oleylamine in a 20 mL glass vial. The solution was 
moved to a glovebox. To dissolve the HgCl2 , the solution detectors started with sputtering 30 nm ITO on a 0.5 mm 

thick sapphire substrate, followed by 300° C. annealing on 
a hotplate for 10 min. Before drop-casting the colloidal 
solutions, the substrate was treated with 3-mercaptopropy
ltrimethoxysilane (MPTS) for 30 sand rinsed with IPA. The 
dual-band detector was then fabricated by sequential depo
sitions of colloidal materials. A Bi2 Se3 solution was first 
spin-coated on the ITO substrate as the n-type layer. The 
spin-coating of Bi2 Se3 was repeated twice followed by 
cross-linking with 5% ethanedithiol (EDT) in IPA. Second, 
the MWIR Hg Te CQDs solution was drop-casted to build up 
a -400 nm film. Each drop-cast layer was cross-linked by 
EDT/HCI/IPA (1:1:20 by volume) solution for 20 s, rinsed 
with IPA, and dried. An Ag2Te nanocrystal solution was 
spin-coated on the MWIR HgTe CQD film asp-dopant and 
treated with HgCl2 (10 mM in methanol) for 10 s. A second 
layer of Ag2Te nanocrystals was added by spin-coating 
without HgCl2 treatment followed by drop-casting one layer 
of SWIR Hg Te CQDs. The Ag2 Te nanocrystals/SWIR Hg Te 
CQDs layers were then treated with HgCl2 solution together. 
The drop-casting of the SWIR HgTe CQDs was then 
repeated to make -400 nm film, and each layer was cross
linked by EdT/HCI/IPA (1:1:20 by volume). Finally, the 
Bi2 Se3 solution was spin-coated on the SWIR HgTe CQDs 
twice and cross-linked by 5% EDT in IPA. Finally, 5 nm Au 
was deposited bye-beam evaporation as the top contact. The 
sensing area of the detector was determined by the overlap
ping area between ITO and the Au contact. In the experi
ments, -1 mm2 area dual-band detectors were used in the IV 
measurement, spectral response measurement, D* measure
ment, and switchable SWIR/MWIR sensing. The single
pixel imaging was done with 0.2x0.2 mm2 area detectors. 

Single-pixel scanning imaging system. A scanning camera 
system was developed with a single detector of0.2x0.2 mm2 

area. The imaging system consisted of five parts: scanning 
lens, cryostat, HgTe detector, amplifier, and software. Con
trolled by the software, a BaF2 lens (f=30 mm, LA0583-E, 

was heated at 100° C. for 30 min with stirring. The tem
perature was reduced to 97° C., and tellurium in trioc
tylphosphine solution (1 M, 0.15 mL) was rapidly injected. 

35 The clear solution turned immediately black. The reaction 
proceeded for 10 min. The vial was quickly removed from 
the glovebox and cooled. For film preparation, -2 mL was 
removed and diluted with 2 mL of tetrachloroethylene, 0.3 
mL of trioctylphosphine (TOP), and 0.3 mL of l-dode-

40 canethiol. The solution was precipitated with an equal 
volume of IPA and centrifuged. The precipitate was not 
allowed to completely dry and was resuspended in 4 mL of 
chlorobenzene. The solution was stored in ambient condi
tions. Prior to being drop-casted, the HgTe solution was 

45 cleaned a second time by adding dropwise a 0.1 M dido
decyldimethylammonium bromide solution to 200 µL of 
Hg Te solution until lightly turbid. The Hg Te was centrifuged 
and resuspended in 40 µL of chlorobenzene and 160 µL of 
butyl acetate. Sonication was sometimes required to obtain 

50 a neat colloid. Aggregation should be avoided to prepare the 
highest-quality films. 

Ag2 Te Colloidal Quantum Dot Synthesis. Ag2Te CQDs 
were fabricated in a glovebox by heating 4 g of oleylamine 
in a 20 mL glass vial with stirring at 160° C. The Ag 

55 precursor was prepared by dissolving 170 mg of AgNO3 in 
5 mL oftrioctylphosphine and 5 mL of oleic acid at 120° C. 
with stirring in a glass vial in a nitrogen glovebox. The 
precursor was cooled to room temperature before use. A 1 
mL aliquot of the Ag precursor (0.1 M) was rapidly injected 

60 into the vial followed by a rapid injection of 0.075 mL of 
TOPTe (1 M). The solution turned orange after injection of 
the Ag precursor and immediately black after TOPTe injec
tion. The reaction proceeded for 10 min, and the vial was 
removed from the glovebox to cool. The crude solution was 

65 stored in a freezer at -8° C. and required thawing before use. 
Prior to spin-coating, 200 µL of crude solution was precipi
tated with methanol and centrifuged for 1 min at 4200 rpm. 
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tance-voltage measurements were performed using a sinu
soidal wave with a fixed peak-to-peak voltage of 10 m V. The 
frequency was varied from 1 to 20 kHz while the current was 
recorded. A DC voltage offset was set by the frequency 

After the supernatant was removed, 50 µL of 1-dode
canethiol and 150 µL of chlorobenzene were added to 
resuspend the solid. Cleaning with methanol was repeated 
twice more, dissolving in chlorobenzene between cleanings. 
Finally, the Ag2 Te CQDs were suspended in 400 µL of 9:1 
hexane/octane with a typical concentration of 12.5 mg/mL. 

5 generator and applied for reverse-bias capacitance measure-

Fabrication of Photodetectors. Sapphire substrates were 
cut from a 2 in. wafer into 0.5 in.x0.5 in. pieces. ITO (50 
nm) was sputtered over the substrate at 10-3 Torr. The area 
of the ITO electrode was defined by photolithography fol- IO 

lowed by etching. The ITO was annealed at 300° C. in a 
quartz tube furnace for 3 h with a final resistance of ca. 50 
.Q/square. Before use, the ITO was cleaned by sonication for 
10 min in a 1 % Alconox solution, acetone, and IPA and 
rinsed with DI water and then dried with N2 gas. The 15 

substrate was then treated with 3-mercaptopropyltrimethox
ysilane for 30 s and rinsed with IPA. With a glass Pasteur 
pipet, 2 drops of HgTe (-30 µL) were delivered to the 
substrate and heated to 40° C. The solution was spread over 
the surface by slowly tilting the substrate in a circular 20 

motion before wicking. The dry HgTe film was immersed in 
an EdT/HCl/IPA (1: 1:20 by volume) solution for 20 s, rinsed 
with IPA, and dried. This process was repeated 5-7 times to 
build up a device with a thickness of -400 nm. From a glass 
Pasteur pipet, 2 drops of the Ag2Te solution were delivered 25 

to the substrate and spun at 2000 rpm for 30 s. HgC12 

solution (10 mM in methanol) was delivered and spun off 
after 10 s, followed by rinsing with IPA. A second layer was 
added by the same procedure for a -30 nm thick film. 
Finally, the device was treated with 2% (v/v) EdT/IPA 30 

solution and rinsed with IPA. The Au electrode was evapo
rated at 10-8 Torr by electron beam at a rate of 1.0 A.ls. 

ments. 
Results 

The detectors were characterized between 85 and 295 K, 
under vacuum in a cryostat. A typical current density-bias 
voltage (J-V) curve of the HgC12-treated HgTe CQDs 
MWIR detector at an operation temperature of 85 K is 
shown in FIG. 6A. The devices exhibit background-limited 
infrared performance (BLIP) up to 140 K. Under illumina
tion with a calibrated 600° C. blackbody and operating 
temperature of 85 K, the responsivity (in units of A w-1

) 

J?,=SIP (I) 

and specific detectivity were R =0.38 A/W and D*=l.2x 
1011 Jones, respectively. The detector showed temperature
dependent cutoff wavelength from 3.8 µmat 290 K to 4.8 µm 
at 85 K, covering the MWIR range, as shown in FIG. 6B. 

The temperature-dependent responsivity is shown in FIG. 
6C. The peak responsivity of 0.56 A/W at 160 K is about 
7-fold larger than that in previously reported HgTe CQDs 
PV MWIR detectors. (Guyot-Sionnest, 2015.) The tempera
ture-dependent D* is shown in FIG. 6D. Below 100 K, D* 
exceeds 1011 Jones, and D* is 1010 Jones at 200 K. At 230 
K, where thermoelectric cooling is practical, D* is 109 

Jones. The D* of previously reported HgTe CQDs MWIR 
detectors without HgC12 treatment is also shown for com
parison. 

To further characterize the electrical properties of the 
devices, the temperature-dependent dark currents were mea-

35 sured (FIG. 7A) and fitted to a modified Shockley diode 

Determination of Device Characteristics. The detector 
characterization methods are similar to those reported in 
Guyot-Sionnest, 2015. Samples were placed in a closed
cycle cryostat for temperature-dependent characterization. A 
transimpedance amplifier and low-noise preamplifier were 
used to measure the current from the device. The respon
sivity was measured with a calibrated blackbody source at 
600° C. The sample was placed 15±1 cm away, and light was 40 

chopped at 500 Hz. The detector area, source area, and 
spectral radiance of the blackbody were used to determine 
the photon flux on the detector. The photocurrent spectra 
were directly measured with a scanning FTIR and are as 
shown in FIG. 6B. The spectra can be normalized to the 45 

DTGS internal detector of the FTIR with a frequency 
correction to account for the slow DTGS speed. This cor
rects for the source blackbody spectrum as well as the optics 
of the instrument. Such spectra are shown in FIG. 9B. The 
cutoff wavelength was taken as the ½ point of the low- 50 

energy rising edge. The number of photons arriving on the 
detector area with an energy above that cutoff was calculated 
with a correction for the cryostat window transmission 
(CaF2 or ZnSe). The responsivity in A/W was determined 
using the photon flux above the cutoff energy times the 55 

cutoff photon energy. The noise at short-circuit and 500 Hz 
was measured with a spectrum analyzer, whereas the black
body source was blocked, and the cold shield was closed to 
the sample at low temperatures. The specific detectivity was 
determined using the responsivity, noise, and device area as 60 

measured under an optical microscope. 
Current-Voltage and Capacitance-Voltage Measurement. 

A function generator was used to apply an alternating 
voltage to the sample for both current-voltage and capaci
tance-voltage measurements. For current-voltage measure- 65 

ments, a linear ramp with a frequency of 50 mHz and 
amplitude of 200 mV was applied to the sample. Capaci-

equation: 

[ (
e(V-RJ)) l V-RJ l=lo exp --- -1 +--

nk8T Ro 

(2) 

where I0 is the reverse saturation current, e is the elementary 
charge, Rs is the series resistance, n is the ideality factor, V 
is the external voltage, T is the operation temperature, k8 is 
the Boltzmann constant, and R0 is the shunt resistance. The 
temperature dependence of the R0A product is shown in 
FIG. 7B. Activation energies, EA, of 143±24 and 76±18 meV 
for HgC12-treated and untreated devices, respectively, were 
obtained from linear regression of the data between 200 and 
300 K. Typically, the dark current mechanism in a MWIR 
photodiode is dominated by either diffusion of minority 
carriers across the depletion region or generation-recom
bination of thermally generated carriers within the depletion 
region; the former varies as 1/n/ and the latter as 1/n;, where 
n;ooexp 

is the intrinsic carrier concentration and Eg is the band gap. 
Because EA is approximately half the band gap 
(0.25<Eg<0.3 eV), the HgC12-treated device appears domi
nated by a generation-recombination current at high tem
peratures. At temperatures below 70 K, for both the HgC12 -

treated and untreated devices, the R0 A product becomes 
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weakly temperature-dependent. This is attributed to leakage 
currents and nonradiative pathways. 

For an ideal p-n junction, V oc should be equivalent to Eg 
at low temperature with a linear decrease with temperature 
given by 

Voe=~- kBTln(N,Nv) 
e e np 

(3) 

where Ne (NJ is the conduction band (valence band) density 
of states and n (p) is the electron (hole) concentration. A 
linear relationship between the operation temperature T and 
the open-circuit voltage V oc is indeed observed, as shown in 
FIG. 7C. The maximum V

0
c is, however, less than the CQD 

gap of Eg-0.25 eV, and this open-circuit voltage deficit is 
attributed to energy disorder that broadens the density of 
states as well as nonradiative processes. For the device in 
FIG. 7C, eq 3 gives ln 

calculated from the slope. Using Nc-Nv-2 lei/dot and 
assuming n-p, this indicates a doping ofn-p-0.04 I el/dot, or 
-2.o±0.5xl017 cm-3 for aCQD tetrahedron with a 10-12 nm 
edge and a volume packing fraction of 0.5-0.7. A slope of 
zero corresponds to NcNv -np, which is the maximum dop
ing, and is required for temperature-independent V oc· This 
suggests that increased doping at the junction will further 
improve device performance at higher operating tempera-
tures. 

20 
cm-3

, which corresponds to 0.68±0.22xl0-3 elementary 
charge per dot. The doping was not assigned to specific 
dopants inside the CQDs. Instead, in CQDs, the energy 
levels are dependent on surface conditions. The low doping 

5 level merely confirms that the EdT/HCl treatment for these 
HgTe CQD films provides near-intrinsic conditions. Assum
ing that this residual doping is in fact representative of a 
weakly n-type material, another estimate of the p-doping of 
the top contact can be provided using the slope of the 

10 temperature-dependent V oc· This leads to a much stronger 
p-doping density of -1019 cm-3

, which may be an upper 
estimate. 

At zero bias, the depletion width is given by d=EEA/C and 
was -140 nm for a device area of 0.6 mm2

. The HgTe film 
15 thickness was 470±20 nm, measured by atomic force 

microscopy (AFM). The high quantum efficiency at low 
temperature arises because the depletion width is wide 
enough, whereas the diffusion length is longer than the 
device, such that carriers are swept to the electrodes. How-

20 ever, as temperature increases, diffusion length and deple
tion width both decrease, therefore reducing carrier extrac
tion. For higher temperatures, higher quantum efficiencies 
should be sought by further optimizing the doping profile. 

The internal quantum efficiency (IQE) is determined by 
25 dividing the measured EQE by the absorption in the active 

layer calculated from a lD dielectric model of the device. 
Using IR absorption measurements of HgTe films of several 
thicknesses, it was found that the index of refraction is well 
described by a real part n=2.3 and an imaginary part k=0.l 

30 above the absorption edge. As shown in FIG. 9A, the 
calculated MWIR absorption in the -400 nm HgTe film in 
the device is -18%, which is similar to the EQE of -17%, 
within the uncertainty of both values. This suggests that high 
IQE is readily achieved at low temperatures. 

To further improve the device EQE at low temperatures, 
the light collection must therefore be increased. Enhanced 
absorption can be achieved by better light management. 
Here, a simple optical interference structure was used on the 
HgTe CQDs MWIR detector that required only a deposition 

Capacitance-voltage (CV) measurements are shown in 35 

FIGS. SA-SD. A 10 mV AC voltage was used on top of a 
fixed reverse bias, and the current amplitude was measured. 
Frequencies were from 1 to 20 kHz, well within the range of 
the amplifiers. Data were only taken at 80 K, where the 
capacitance is clearly measurable by this method. The 
current amplitude is shown in FIG. SA along with the fits to 

40 of an optical spacer and a back reflector. 
The design of the interference structure is shown in the 

inset of FIG. 9A. Electron beam evaporation is used to 
deposit a 5 nm thin Au electrode, 200-500 nm SiO2 spacer, 
and a 100 nm Au film reflector over the device. FIG. 9A 

eq 4, derived from a parallel capacitor-resistor model: 

(4) 45 shows simulation results for the optical absorption of the 
HgTe layer as a function of the thickness of the optical 
spacer. The simulated peak optical absorption in the MWIR 
by the HgTe CQDs layer reached 53% with a 0.2 µm thick 
spacer. The measured spectral photocurrent of HgTe CQDs 

Iii= 

The extracted capacitance C and resistance R are shown 
in FIGS. SB and SC. The zero-bias resistance of 300 k.Q is 

50 
equivalent to the shunt resistance extracted from J(V) curve 
fitting. 

photodetectors with and without interference structure is 
shown in FIG. 9B. By changing the thickness of the optical 
spacer from 0.5 to 0.2 µm, the interference peaks were tuned 
to match the MWIR (3-5 µm), in agreement with the 
simulations. As shown in FIG. 9C, the responsivity of the 

The capacitance depends on the depletion layer thickness, 
and it is expected to vary with bias voltage as 

(5) 

where A is the device area, Vis the applied DC bias voltage, 
V 81 is the built-in potential, and N is a dopant density. In a 
p-n junction with well-defined Nd and Na donor and accep
tors, N=NaNdl(Na+Nd). The linear variation of l/C2 with 
reverse bias is observed in FIG. SD. Assuming a dielectric 
constant of 6, based on the optical index of refraction for the 
HgTe CQD films, and using the measured device area of 0.6 
mm2

, the majority carrier density was N=2.6±0.lxl015 

55 interference-enhanced HgTe CQD photodetector was 
improved to 1.3 A/W at 85 K, corresponding to an EQE of 
32%. Moreover, the fabrication process of the interference 
structure neither degraded the built-in potential nor 
increased the noise level. At 85 K, the measured noise 

60 spectral density of a 0.02 mm2 device was 0.055 pA Hz-112 

with the cold shield of the cryostat closed, increasing to 0.2 
pA Hz-112 with the cold shield open, indicating BLIP. The 
detectivity of 3.3xl011 Jones was also significantly 
improved compared to that of the detector without interfer-

65 ence structure. 
In addition to the sensitivity of a MWIR detector, the 

response time is an important specification for infrared 
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imaging. Using a pulsed 808 nm laser, the rise time and fall 
time were 0.3 and 1 s at 85 K, respectively (FIG. 9D). The 
microsecond response likely resulted from the RC constant 
of the detector and not from carrier lifetimes. The shunt 

22 
hydrochloric acid (HCl), and IPA. Hereafter, photodiodes 
prepared with HgC12 in this fashion are referred to as 
"HgC12-treated." For comparison, "EdT/HCl-only" photo-

resistance was 1 MQ; therefore, the capacitance would have 5 

to be 1 pF. This is close to 2 pF estimated for a device of 400 
nm thickness, 0.02 mm2 area, and a dielectric constant of 6, 
calculated as a parallel plate capacitance. At higher tem
peratures, the response time decreases to less than 50 ns but 

diodes were prepared by the same procedure but the HgC12 

step was omitted. After complete deposition of the HgTe 
CQD film, a junction was formed by spin-coating a thin film 
of Ag2 Te nanoparticles and exposing it to a HgC12 solution, 
as detailed in Examples 1 and 2. A 50 nm gold electrode was 
then evaporated to pattern an area of -1 mm2 as defined by 
the overlap with the bottom transparent conducting elec
trode. The effects of the HgC12 treatment on the HgTe CQD 

at the cost of increased noise levels and reduced sensitivity. 10 

As a visual demonstration of the HgTe CQDs MWIR 
detector, a single pixel, interference-enhanced HgTe CQD 
detector of0.02 mm2 area was set up for scan imaging. Such 
scan imaging is possible because of the high stability and 
low 1/fnoise of the device. AZnSe lens with a 30 mm focal 15 

films were investigated by measuring optical and electrical 
behavior of the photodiodes as a function of temperature. 

Photodiode Characterization. HgTe CQD photodiodes 
were placed in a closed-cycle helium-pump cryostat for 
measurements at temperatures between 80 K and 300 K. A 
600° C. calibrated blackbody source was used to illuminate 
the sample through the sapphire/ITO substrate. The light 
from the blackbody was chopped at 200 Hz, and the signal 

length was scanned to project images of objects placed 40 
cm away. The number of sampled data points in the hori
zontal and vertical directions were 500 and 75, respectively. 
The horizontal lines were scanned in 0.5 s, giving 1 ms 
illumination per data point and a total collection time of 1 
min. The fast response is apparent in the well-resolved 
horizontal contrast. The noise-equivalent temperature dif
ference (NETD) of the image was -56 mK. As an anecdotal 
indication of the stability of the devices to thermal cycling 
and water contamination, the images were taken over a 
period of 2 weeks with a device cooled about 50 times from 
room temperature to 90 K under moderate vacuum of -50 
mTorr. 

Example 3: Single-Band Extended Shortwave 
Infrared Photodiode 

This example illustrates the fabrication and operation of 
single-band extended shortwave infrared (eSWIR) photo
diodes based on HgTe CQDs. 
Methods 

HgTe Synthesis. HgTe CQDs were synthesized according 
to previously reported procedures. (S. Keuleyan, et al., J. 
Am. Chem. Soc. 133, 16422 (2011).) A stock solution of 1 

20 was measured using a Femto DLPCA-200 low-noise tran
simpedance amplifier, a Stanford Research Instruments 
Low-Noise Preamplifier, and oscilloscope. The noise spec
tral density of the photodiode was measured using a Stan
ford Research Instruments FFT Noise Spectrum Analyzer. 

25 Current-voltage measurements were performed using an 
Agilent Function Generator to apply a bias, and the current 
was measured using a National Instruments data acquisition 
system. The spectral response was measured using the 
external detector port of a Nicolet Magna IR 550 FTIR and 

30 normalized to the internal DTGS thermal detector. The 
response time was measured using a Stanford Research 
Systems Model SR445 preamplifier, Picoscope 3206D oscil
loscope, and a 1350 nm laser diode. The area of the HgTe 
CQD photodiode was measured using an optical micro-

35 scope, and the thickness was measured using a Bruker 
Dektak XT-S profilometer. 

In the extreme case, exposure of HgTe CQDs to HgC12 

leads to significant etching and complete dissolution. How
ever, at the concentration used here, the HgC12 treatment had 

40 a negligible effect on the spectral response of the photo
diode, as shown in FIG. lOA. The difference of -70 cm- 1 in 
the photodiode cutoff wavelengths, defined as 50% of peak 
response, is due to batch-to-batch variations in the synthesis 

M tellurium precursor was prepared by dissolving tellurium 
shot in trioctylphosphine at 100° C. overnight in a nitrogen 
filled glovebox. HgC12 (0.1 mmol) was dissolved in oley
lamine (5 mL) at 100° C. in a nitrogen filled glovebox for 1 
hour. The reaction temperature was reduced to 85° C. 
TOPTe (0.1 mL) was diluted in oleylamine (5 mL), and the 45 

mixture was rapidly injected into the HgC12---0Am solu
tion. The reaction proceeded for 1 to 5 minutes. For 
example, a 4-minute reaction produced HgTe CQDs with a 
cutoff at about 2.35 µm. Shorter reaction times yield smaller 
quantum dots with higher energy absorption cutoff. The 
reaction solution was cooled to room temperature and 
diluted with tetrachloroethylene (5 mL), 1-dodecanethiol (1 
mL), and trioctylphosphine (1 mL). The solution was pre
cipitated once with ethanol and then dissolved in chloroben
zene (4 mL). Occasionally, a white gel was observed and 55 

difficult to remove while cleaning. To prevent the white gel 
formation, additional trioctylphosphine was added to the 
turbid solution following the addition of ethanol but before 
centrifuging the solution. 

and is not attributed to etching of the dots. 
The main benefit of the HgC12 treatment is evidenced in 

FIG. lOB, which shows the current density-voltage (JV) 
behavior of photodiodes with a 2.5 µm cutoff at 290 K. 
Indeed, while the photocurrent density at zero bias is mostly 
unaffected by the HgC12 exposure, the shunt resistance-area 

50 product (R0A) of the photodiode increases up to 10-fold 
from -10 Qcm2 to 100 Qcm2

. The increase in R0A suggests 
the HgC12 treatment may increase the minority carrier life
time, which is consistent with the discussion of the photolu
minescence to follow. 

From FIG. lOB, 10 decreased 10-fold from about 4xl0-3 

A/cm2 to 4x10-4 A/cm2 when treated with HgCl2 solution. 
This means that the solution-processed HgC12 -treated pho
todiodes at 2.5 µm described here have room temperature 
dark current densities that already approach those of epi-

The HgTe CQD photodiodes were fabricated on an infra
red-transparent sapphire substrate. A solution of HgTe 
CQDs was drop-casted onto a transparent conducting elec
trode at 40° C. layer-by-layer to build up thin films of 300 
to 400 nm. Here, a HgC12 treatment was introduced to each 
layer of HgTe CQDs. Each layer of HgTe CQDs was 
exposed to a 10 mM HgC12 -methanol solution and followed 
by crosslinking with a 1: 1 :20 by volume solution of EdT, 

60 taxial InGaAs photodetectors. For example, an InGaAs 
photodiode from Hamamatsu model G12183-030K with a 
2.55 µm cutoff at 295 K has a dark current density of3x10-4 

at 500 mV reverse bias. 
FIG. lOC shows that the dark current density for each 

65 photodiode, measured at a fixed reverse bias of 500 m V from 
200-300 K, follows an Arrhenius behavior. The activation 
energy of the dark current density is 320 meV for both 
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EdT/HCl-only and HgC12 -treated photodiodes. The similar 
activation energy for both diodes suggests that the dominant 
mechanism for dark current generation is the same. Given 
the cutoff wavelength of 2.5 µm, the activation energy is 
slightly larger than half the band gap energy, indicating that 5 

the dark current density is dominated by space-charge lim
ited generation-recombination. 

FIGS. UA-UC show a compilation of data from indi
vidual HgC12-treated and EdT/HCl-only photodiodes with 
cutoff wavelengths from 2.2 to 2.5 µm operating at 300 K 10 

with zero bias. The average values and extreme values are 
shown for the responsivity, .en, zero-bias resistance-area 
product, R0A, and specific detectivity, D*. FIG. UA shows 
that the unbiased HgC12 -treated photodiode can exceed an 

15 
EQE of 50% for a cutoff between 2.4 and 2.5 µm. FIG. UA 
also shows that the EQE decreases by a factor of 2 at cutoff 
wavelengths below 2.4 µm. As the cutoff wavelength 
decreased, a kink in the JV characteristic under small 
applied bias was observed. The kink is explained by a 

20 
potential barrier that arises as the carriers accumulate at the 
cathode, leading to an increased recombination rate and 
decreased photocurrent density. Such an effect could occur 
as the HgTe CQD Fermi level decreases with respect to the 
work function of the ITO. Therefore, it is expected that an 

25 
electrode better matched to the conduction band edge and 
Fermi level energy of wider gap HgTe CQDs will improve 
the Ell as much as 2-fold, consistent with the 50% EQE 
observed for photodiodes at longer wavelengths. With opti
mized charge collection layers, the detectivity at shorter 

30 
wavelengths, being limited by the /JI, is expected to improve 
by as much as a factor of 2. 

FIG. UB shows the R0A product at room temperature of 
HgTe CQD photodiodes compared to eSWIR InGaAs (IGA 
Rule-17, solid black line) and HgCdTe (MCT Rule-07, 

35 
dashed black line). (Zhang, 2018 and Tennant, 2010.) R0A 
was calculated from the measured noise, assuming a John
son noise limit, and slope at zero bias of the JV curves. 
HgC12 -treated photodiodes match closely to the InGaAs 
R0A while the best HgCdTe photodetectors have 10-fold 

40 
higher R0A. FIG. UC shows the specific detectivity, D*. For 
all the devices, the noise was measured using an FFT noise 
spectrum analyzer and found to be frequency-independent. 
Therefore, D* was calculated according to 

24 
response speeds. For the HgC12 -treated photodiodes, rise 
and fall response times of 450 ns and 1.4 µs, respectively, 
were measured. The fall time was limited by a circuit 
response time of 1.3 µs, calculated from the measured 
capacitance of 1.9 nF and load resistance of - 700.Q. 

The origins of the performance improvements using the 
HgC12 treatment are partially assigned to improvement of 
the carrier lifetime consistent with the change in photolu
minescence. As shown in FIG. 12A, the photoluminescence 
(PL) of eSWIR HgTe CQD films before and after solid state 
ligand exchange with EdT/HCl exhibits a significant drop of 
at least 10-fold. In contrast, the PL decreased no more than 
2-fold when treated with HgC12 . Since the maximum pos
sible R0A is proportional to the PL quantum efficiency, this 
could explain some of the improvement. The HgC12 may 
improve the PL due to passivation of the surface by halides. 

The microscopic details of the device are also affected by 
the treatment. As shown in FIG. 12B, electrochemical ener
getic studies show that the HgC12 treatment tends to make 
the HgTe films less p-type compared to the EdT/HCl treat
ment as indicated by the relative position of the Fermi level 
(FIG. 12B, dashed lines) with respect to the band edges. The 
decreased doping level may contribute to the formation of a 
more ideal diode. As shown in FIG. 12C, despite the 2-fold 
decrease in mobility with the HgC12 treatment, the improved 
carrier lifetime, which is consistent with the increase in PL, 
more than compensates for the lower mobility. 

The word "illustrative" is used herein to mean serving as 
an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more." 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 
explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 

(6) 

45 various modifications as suited to the particular use contem
plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. A method of doping a film of colloidal semiconductor 

50 quantum dots, the method comprising: where D* is in cmHz112w-1 or Jones, A is the photodiode 
optical area in cm2

, Llf is the noise-equivalent electrical 
bandwidth and here equal to 1 Hz, and in is noise current in 
amps. The D* of reported and commercial detectors of 1 
mm2 area operated at room temperature are also provided. 
HgC12 -treated photodiodes are approaching the performance 55 

of InGaAs (Hamamatsu, Gl2183-010K, Teledyne-Judson, 
J23-18I-R01M) and HgCdTe (Teledyne-Judson, Jl9:2.8-
18C-R01M) photodiodes in the eSWIR with only a factor of 
3 difference in D*. Prior work on EdT/HCl-only HgTe CQD 
photodiodes reported a D* of 3Xl010 Jones at room tern- 60 

perature. (Tang, 2019.) From FIG. UC, the HgC12 treatment 
allows a maximum measured specific detectivity of l.2xl011 

Jones, which is 4-fold larger than for previously reported 
HgTe CQD photodiodes. Furthermore, at least an additional 
2-fold increase will be possible by using a resonant cavity. 65 

In addition to the sensitivity of the detector, the response 
time is critical to imaging applications that depend on fast 

forming a film of colloidal quantum dots, the colloidal 
quantum dots comprising a quantum dot cation and a 
quantum dot anion; 

depositing semiconductor nanoparticles on the film of 
colloidal quantum dots, the semiconductor nanopar
ticles comprising a nanoparticle cation and a nanopar
ticle anion, wherein the nanoparticle anion is the same 
anion as the quantum dot anion; and 

contacting the deposited semiconductor nanoparticles 
with a solution comprising quantum dot precursors in a 
solvent, the quantum dot precursors comprising a pre
cursor cation and a precursor anion, wherein the quan
tum dot precursors undergo cation exchange with the 
semiconductor nanoparticles and the film of colloidal 
quantum dots becomes doped with nanoparticle cations 
that are released from the semiconductor nanoparticles 
during the cation exchange. 
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2. The method of claim 1, wherein the colloidal quantum 
dots are colloidal mercury chalcogenide quantum dots. 

3. The method of claim 2, wherein the mercury chalco
genide quantum dots are HgTe quantum dots. 

4. The method of claim 3, wherein the nanoparticle 
cations are silver ions. 

5. The method of claim 4, wherein the semiconductor 
nanoparticles are Ag2 Te nanoparticles and the quantum dot 
precursors are HgCl2 • 

6. The method of claim 1, wherein the colloidal quantum 10 

dots are colloidal lead chalcogenide quantum dots or col
loidal cadmium chalcogenide quantum dots and the nan
oparticle cations are nickel cations, antimony cations, or tin 
cations. 

26 
13. The photodetector of claim 7, wherein the first layer 

of colloidal quantum dots comprises colloidal quantum dots 
of a first size, and the second layer of colloidal quantum dots 
comprises colloidal quantum dots of a second size. 

14. The photodetector of claim 7, wherein the first and 
second layers of colloidal quantum dots comprise colloidal 
mercury chalcogenide quantum dots. 

15. The photodetector of claim 14, wherein the mercury 
chalcogenide quantum dots are HgTe quantum dots. 

16. The photodetector of claim 7, wherein the colloidal 
quantum dots are colloidal lead chalcogenide quantum dots 
or cadmium chalcogenide quantum dots. 

17. The multi-band photodetector of claim 7, wherein the 
p-doped region formed within the first layer of colloidal 

7. A multi-band photodetector comprising: 
a first photodiode comprising a first layer of colloidal 

quantum dots; 
a second photodiode arranged in a stacked, back-to-back 

configuration with the first photodiode, the second 
photodiode comprising a second layer of colloidal 
quantum dots; 

15 quantum dots extends to a depth within said first layer of 
colloidal quantum dots of no more than 50% of the thickness 
of said first layer of colloidal quantum dots and the p-doped 
region formed within the second layer of colloidal quantum 
dots extends to a depth within said second layer of colloidal 

20 quantum dots of no more than 50% of the thickness of said 
second layer of colloidal quantum dots. 

a p-doped region doped with silver ions and formed 
within the first layer of colloidal quantum dots at an 
interface between the first and second photodiodes; 

a p-doped region doped with silver ions and formed 25 

within the second layer of colloidal quantum dots at the 
interface between the first and second photodiode; 

a first electrode in electrical communication with the first 
photodiode; 

a second electrode in electrical communication with the 30 

second photodiode, wherein at least one of the first and 
second electrodes is transparent across at least a portion 
of the electromagnetic spectrum; and 

a voltage source configured to apply and adjust a bias 
voltage across the first and second electrodes, whereby 35 

the first photodiode exhibits a photoresponse over a 
first wavelength range when biased within a first range 
of bias voltages and the second photodiode exhibits a 
photoresponse over a second wavelength range when 
biased within a second range of bias voltages. 40 

8. The photodetector of claim 7, wherein the first photo
diode comprises a first n-type layer between the first layer of 
colloidal quantum dots and the first electrode, wherein the 
first n-type layer and the first p-doped region form a first 
rectifying junction, and further wherein the second photo- 45 

diode comprises a second n-type layer between the second 
layer of colloidal quantum dots and the second electrode, 
wherein the second n-type layer and the second p-doped 
region form a second rectifying junction. 

9. The photodetector of claim 8, wherein at least one of 50 

the first n-type layer and the second n-type layer comprises 
bismuth chalcogenide nanoparticles. 

10. The photodetector of claim 9, wherein the bismuth 
chalcogenide nanoparticles comprise Bi2 Se3 nanoparticles. 

11. The photodetector of claim 7, wherein the first pho- 55 

todiode comprises a first n-doped region in the first layer of 
colloidal quantum dots, wherein the first n-doped region and 
the first p-doped region form a first rectifying junction, and 
further wherein the second photodiode comprises a second 
n-doped region in the second layer of colloidal quantum 60 

dots, wherein the second n-doped region and the second 
p-doped region form a second rectifying junction. 

12. The photodetector of claim 7, wherein the first pho
todiode exhibits a photoresponse in the 0.9 µm to 2.5 µm 
region of the electromagnetic spectrum, and the second 65 

photodiode exhibits a photoresponse in the 3 µm to 5 µm 
region of the electromagnetic spectrum. 

18. A bias-switchable multi-band photodetector compris-
ing: 

a first electrode; 
a second electrode, wherein at least one of the first and 

second electrodes is transparent across at least a portion 
of the electromagnetic spectrum; 

a first layer of colloidal quantum dots comprising HgTe 
quantum dots of a first size and exhibiting a photore
sponse over a first wavelength range; 

a second layer of colloidal quantum dots comprising 
HgTe quantum dots of a second size and exhibiting a 
photoresponse over a second wavelength range; 

a charge carrier tunneling layer formed from neighboring 
p-doped regions that are doped with silver and formed 
within in the first and second layers of colloidal quan
tum dots; 

n-type Bi2 Se3 semiconductor nanoparticles between the 
first electrode and the first layer of colloidal quantum 
dots and between the second electrode and the second 
layer of colloidal quantum dots; and 

a voltage source configured to apply and adjust a bias 
voltage across the first and second electrodes. 

19. The bias-switchable multi-band photodetector of 
claim 18, wherein the neighboring p-doped regions that are 
formed within the first and second layers of colloidal quan
tum dots extend to a depth within said first or second layer 
of colloidal quantum dots of no more than 50% of the 
thickness of said first or second layer of colloidal quantum 
dots. 

20. A photodetector comprising: 
a rectifying photodiode comprising a layer of colloidal 

quantum dots comprising HgTe quantum dots, wherein 
the photodiode exhibits a photoresponse over a wave
length range when biased within a range of bias volt
ages; 

a first electrode in electrical communication with the 
rectifying photodiode; 

a second electrode in electrical communication with the 
rectifying photodiode, wherein at least one of the first 
and second electrodes is transparent across at least a 
portion of the electromagnetic spectrum; 

a p-doped region doped with silver ions and formed 
within the layer of colloidal quantum dots at the first 
electrode side of the layer of colloidal quantum dots; 

an n-type layer comprising Bi2Se3 nanoparticles between 
the second electrode and the rectifying photodiode; and 
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a voltage source configured to apply and adjust a bias 
voltage across the rectifying photodiode. 

21. The photodetector of claim 20, wherein the p-doped 
region formed within the layer of colloidal quantum dots 
extends to a depth within said layer of colloidal quantum 
dots of no more than 50% of the thickness of said layer of 
colloidal quantum dots. 

22. A photodetector array comprising a plurality of multi
band photodetectors, the multi-band photodetectors com
prising: 

a first photodiode comprising a first layer of colloidal 
quantum dots; 

10 

a second photodiode arranged in a stacked, back-to-back 
configuration with the first photodiode, the second 
photodiode comprising a second layer of colloidal 15 

quantum dots; 
a p-doped region doped with silver ions and formed 

within the first layer of colloidal quantum dots at an 
interface between the first and second photodiodes; 

a p-doped region doped with silver ions and formed 20 

within the second layer of colloidal quantum dots at the 
interface between the first and second photodiodes; 

a first electrode in electrical communication with the first 
photodiode; 

a second electrode in electrical communication with the 25 

second photodiode, wherein at least one of the first and 
second electrodes is transparent across at least a portion 
of the electromagnetic spectrum; and 

a voltage source configured to apply and adjust a bias 
voltage across the first and second electrodes, whereby 30 

the first photodiode exhibits a photoresponse over a 
first _wavelength range when biased within a first range 
of bias voltages and the second photodiode exhibits a 
photoresponse over a second wavelength range when 
biased within a second range of bias voltages. 

23. A photodetector array comprising a plurality of pho
todetectors, the photodetectors comprising: 

35 

a rectifying photodiode comprising a layer of colloidal 
quantum dots comprising HgTe quantum dots, wherein 
the photodiode exhibits a photoresponse over a wave- 40 

length range when biased within a range of bias volt
ages; 

a first electrode in electrical communication with the 
rectifying photodiode; 

28 
a second electrode in electrical communication with the 

rectifying photodiode, wherein at least one of the first 
and second electrodes is transparent across at least a 
portion of the electromagnetic spectrum; 

a p-doped region doped with silver ions and formed 
within the layer of colloidal quantum dots at the first 
electrode side of the layer of colloidal quantum dots; 

an n-type layer comprising Bi2 Se3 nanoparticles between 
the second electrode and the rectifying photodiode; and 

a voltage source configured to apply and adjust a bias 
voltage across the rectifying photodiode. 

24. A dual band photodetection method using a photode
tector comprising: 

a first photodiode comprising a first layer of colloidal 
quantum dots; 

a second photodiode arranged in a stacked, back-to-back 
configuration with the first photodiode, the second 
photodiode comprising a second layer of colloidal 
quantum dots; 

a p-doped region doped with silver ions and formed 
within the first layer of colloidal quantum dots at an 
interface between the first and second photodiodes; 

a p-doped region doped with silver ions and formed 
within the second layer of colloidal quantum dots at the 
interface between the first and second photodiodes; 

a first electrode in electrical communication with the first 
photodiode; 

a second electrode in electrical communication with the 
second photodiode, wherein at least one of the first and 
second electrodes is transparent across at least a portion 
of the electromagnetic spectrum; and 

a voltage source configured to apply and adjust a bias 
voltage across the first and second electrodes, whereby 
the first photodiode exhibits a photoresponse over a 
first wavelength range when biased within a first range 
of bias voltages and the second photodiode exhibits a 
photoresponse over a second wavelength range when 
biased within a second range of bias voltages, the 
method comprising alternately applying across the first 
and second electrodes, a first voltage bias in the first 
range of bias voltages and a second voltage bias in the 
second range of bias voltages. 

* * * * * 


