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HgTe colloidal quantum dot films are studied for photodetection over the 3-5 µm atmospheric transparency window. The temperature dependence of the conductivity indicates that the material behaves approximately as an intrinsic semiconductor. In photoconduction, the responsivity can be as high as several hundred mA W -1 at room temperature. The dark current presents 1/f noise which is larger than for homogeneous conductors, and this noise decreases with temperature. A specific detectivity of 2×10 9 Jones is obtained for a sample with a 6 micron cut-off wavelength at 130K. These values are obtained for the thickest films studied (~ 400 nm) and whose thicknesses are still much less than the optical absorption length. The time response can be faster than 100 nanoseconds.

I. INTRODUCTION

Colloidal quantum dots (CQD) have been studied over more than two decades, and they have potential for various optoelectronic applications 1 . While sharing the advantages of liquid processing with organic molecular compounds, they have a very unique advantage in the infrared due to weaker vibrational absorption and well defined infrared electronic absorption. They have already been extensively investigated in the near-IR for photodetection, 2,3,[START_REF] Tsidilkovski | Electron spectrum of gapless semiconductors[END_REF][START_REF] Nimtz | Narrow-gap semiconductors[END_REF]6 . PbS and PbSe quantum dots are potential materials in the near-IR 7,8,9,10 . For longer wavelengths, HgTe should be a better choice since it is a gapless semiconductor [START_REF] Nimtz | Narrow-gap semiconductors[END_REF][START_REF] Tsidilkovski | Electron spectrum of gapless semiconductors[END_REF] . As CQD, this material had already been shown to function well for near infrared photodetection 12,13 and we recently extended the material's response into the mid-IR. [START_REF] Keuleyan | Mid-infrared HgTe colloidal quantum dot photodetectors[END_REF] CQD may address current demand for a decrease of the cost of the infrared focal plane array and an increase in operating temperature. Already established technologies in the mid infrared, such as InSb or MCT or even promising detectors such as type II superlattices, achieve excellent performances but fail to provide a low cost solution. In part, the high cost is due to the requirement of epitaxial growth. HgTe CQD material can thus bring ease of processing and much lower costs. [START_REF] Kim | [END_REF]16,17 Moreover the development of HgTe CQD benefits from the extensive knowledge of HgCdTe, making this material easily transferable to MCT foundry.

In this report we present an initial study of the temperature dependent conductivity and photoconductivity characteristics of the HgTe CQD with mid-IR gaps. We report measurement of the dark current, spectral response, responsivity and noise as a function of bias and temperature.

The efficiency of the CQD based detectors is evaluated and their optimal operating temperature identified. We identify possible pathways for optimizing the material as a photodetector.

II. EXPERIMENTAL

A. MATERIAL AND FILMS PREPARATION

The synthesis of the QD particles uses the previously published method. 1410 Briefly, 13mg of tellurium are dissolved in 2mL of butanol and 0.1mL of trioctylphosphine. The mixture is heated to 90°C for 20 min under Ar to dissolve the tellurium. The temperature is then adjusted based on the desired particle size, with higher temperatures leading to larger particles. The smallest particles with band gaps reaching the visible region were obtained at temperatures as low as 0°C while the largest particles were prepared at 90°C. Meanwhile mercury acetate is mixed with 2mL of butanol and 2mL of pyridine. This solution is then quickly injected into the flask, immediately forming a dark solution. Finally the reaction is stopped after several minutes by extracting to a room temperature solution of 10% dodecanethiol in tetracholoethylene (TCE).

The diameters of the dots in this study are in the 6 to 12nm range. Particles with a ~8nm diameter (respectively 10.5 nm) present a band edge energy corresponding to 3µm (5µm). Noise measurements are performed with a spectrum analyzer (HP 3561a). The sample is biased with a battery in order to limit the input noise. The mean signal is removed using a resistor bridge and the noise current is then input to a low noise operational amplifier (LF356N, National Semiconductor). The current amplification is typically in the 10 4 to 10 7 range before input to the spectrum analyzer. All the noise measurements were conducted in the cryostat with the optical shutter closed.

III. RESULTS AND DISCUSSIONS

A. AN INTRINSIC SEMICONDUCTOR

Dark I(V) curve for sample C are presented in Figure 2Figure 2. The dark I(V) curves present almost no hysteresis. They are generally linear at high temperature and become less linear as the temperature decrease. The dark current as a function of temperature is also presented in Figure 2Figure 2. The transport decreases about two orders of magnitude from the room temperature value, with an Arrhenius law

      -  T k E T I b a exp ) (
, with Ea an activation energy, kB the Boltzmann constant, and T the temperature until settling to a lower slope. Activation energies are reported in Table 1Table 1 for sample A, B and C. The activation energy is in each case close to half of the energy gap value (at room temperature), the latter being determined as the edge of the photoresponse described below measured at room temperature. Such a relation between the energy of thermal activation of carriers and the gap is expected for an intrinsic semiconductor. At room temperature, we therefore conclude that the carrier density is dominated by the intrinsic properties. There may of course be some carrier doping in our samples, but given the thermal behavior of the dark current, it must be much less that the density of intrinsic carriers at room temperature. In the intrinsic case, the carrier density can be determined as
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where 0 N is the number of nanocrystals per volume, and Nc and Nv are the numbers of electron and hole states respectively in the nanocrystals that are thermally accessible. Given that much of the confinement energy is in the electron states, we take Nc=2. For the more massive holes, we will also take Nv=2 even though it may be somewhat more. The estimated carrier densities at room temperature are then shown in Table 1.

The measured resistivities of the samples allow an estimate of the mobility using
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, which typically leads to value in the 0.5 cm 2 V -1 s -1 range for sample C. For the discussion later, we also provide an estimate of the hopping time between nanocrystals. Using Einstein's relation, 

B. EFFECT OF THE TEMPERATURE ON THE OPTICAL PROPERTIES

Figure 3 shows the spectral response for the three samples. By changing the size and temperature of the particles, the cut-off wavelength tunes from 2.8 to almost 7 µm. Shorter cut-off wavelengths are accessible by growing smaller particles but are not in the scope of this work. In samples B and C, some features in the spectral response are due to vibrational absorption of the C-H bonds from the ligands (3.5µm), H2O (3µm) and CO2 (4µm) coming from water vapor and carbon dioxide in the interferometer.

For all the samples, a decrease in temperature results in a red-shift of the spectral response, as shown in Figure 3Figure 3and Table 1Table 1. This is consistent with bulk HgTe, where thermal dilation of the HgTe lattice leads to a reduced gap with decreasing temperature. 18,19 The thermal dependence of the energy gap is captured quite well with an empirical parabolic fit.

Alternatively, Varshni's 20 expression, given by equation (1) (1), is often used.
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Here, the  parameter is linked to the thermal dilation coefficient.  was originally associated with the Debye temperature although it can deviate significantly 2016 . The parameter values for bulk HgTe are poorly known and reported values cover a wide range, with =
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. 1814,1915 Our experimental points are compared with a Varshni's law fit for the thermal dependence. As shown in Figure 2Figure 2, the fit is imperfect and is in fact not very sensitive to the choice of  set at 500K, but the coefficient  is reasonable. Table 1 lists the parameters. With more monodispersed samples it will be important to determine these parameters with more accuracy than in the bulk and to extract their size dependence 21 since the red shift with temperature is relevant to the mid-IR detection.

Increasing the bias increases the magnitude of the response but it does not change its spectral shape. The relative responsivity as a function of temperature is shown in Figure 4b and is obtained by the integral of the photocurrent spectrum. At sufficiently high temperature, the responsivity reaches a regime where it is independent of the detector temperature. However, at a low enough temperature, the responsivity decreases exponentially.

The responsivity is proportional to the exciton ionization efficiency of a single dot multiplied by the gain over the structure which is the ratio of the carrier lifetime over the carrier transit time, [START_REF] Rosencher | Optoelectronics[END_REF] as given by equation (2 (2).
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Future measurements of each of these parameters will be needed. At present we speculate that the ratio of carrier lifetime and transit times is a constant independent of temperature and bias. This will be the case if carrier trapping plays a significant role. A possible example of traps could be very large dots with therefore vanishing gaps. In this case, the major contributor to the temperature variation of R is the ionization efficiency . We then consider that the ionization rate is thermally activated
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and competes with a fixed recombination rate r k due to radiative and nonradiative processes within one dot. The ionization efficiency is then
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Fitting the experimental data with such an expression leads to a strong discrepancy at the lowest temperature since it predicts 0 =  at 0K. Such a deviation may result from the distribution of activation energies. For a collection of dots, we choose a Gaussian energy distribution such that
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This provides a better fit with values of the mean activation energies of 160meV for sample A, 100 meV for sample B and 34 meV for sample C. The broadening of the ionization energies are within 20-50%. In this model, the saturation of the ionization efficiency at moderate temperature implies that the time required for charge separation becomes smaller than the recombination time, radiative and non-radiative, and therefore that the quantum yield of charge generation is already close to unity. This is compatible with the fast hopping time mentioned earlier at room temperature.

The origin of these activation energies for charge separation may lie in the disorder associated with the size inhomogeneity and in an energy barrier associated with charge transfer, even in the absence of disorder. To estimate the latter, we use Marcus theory [START_REF] Marcus | [END_REF] considering that the electron (or hole) transfers from an exciton in a sphere with binding energy Eex to a neighboring sphere.

The Exciton binding energy is given by 24 R e E ex
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, with R the radius of the dot and  their dielectric constant. Assuming a value of =20 in HgTe 25,26 , this is estimated as 32 meV and 24 meV for samples B (R =4 nm) and C (R=5.3 nm). The Marcus expression for the energy barrier is
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where 0 is the reorganization energy. For electron transfer in a two-sphere
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,where R is the dot radius, and  is the matrix thickness between the dot surfaces estimated as ~ 1 nm for the dodecanethiol. The dynamic and static dielectric constants,   and 0  , refer to the matrix. This is unknown for the matrix material, mostly bound alkane thiol, but we take 

C. RESPONSIVITY

Using the I(V) curves under illumination, as described in reference 1410, we can extract the absolute responsivity of our detectors. To proceed, we first identify a temperature at which the dark current is far below the photocurrent in our range of flux (room temperature for the A sample, 190K for the C sample). We then measure two I(V) curves under illumination at this temperature, for two different amounts of incident flux. This latter is evaluated as in equation (3) (3)
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Where Ad is the active area of the sample (0.1 cm 2 ), α is the half angle of view of the detector and β is the angle between the normal of the detector and the incident light, h is the Planck constant, c the speed of the light, and TBB the equivalent black-body temperature of the light source.

Finally the responsivity is given by equation ( 

D. NOISE AND DETECTIVITY

The spectrum analyzer provides the voltage noise density (vn). The current noise density (in) which is the useful quantity to evaluate the detectivity, is then obtained by

BW G v i n n  =
, where G is the current amplification and BW is the bandwidth of the spectral acquisition.
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The noise for sample C is plotted in Figure 6Figure 6 (a) and (b). At all biases and temperatures, a non-white noise prevails at low frequency, and follows a power law with an exponent in the -0.4 to -0.7 range consistent with 1/f noise. As temperature and bias increase, the dark current and the noise both increase.

1/f noise can be modeled using the Hooge's law 27 ,

f N I i H f   = 2 2 / 1  (5)
where N is the number of carriers, I the average current through the sample, f the frequency and αH is a parameter which describes the magnitude of the 1/f noise. Hooge reported that in most metallic materials, this parameter is rather close to 2×10 -3 . While we do not know of reported values of H  for bulk HgTe, H  has a value in the 10 -3 to 10 -5 range for HgCdTe detectors 28,29 (with a cadmium content in in the 0.17 to 0.3 range), also much smaller than observed here. We than they need to be. One possibility is that the sample inhomogeneity induces current crowding 30,31 such that the actual number of carriers should not be related to the total volume of the sample. Whether the noise level is intrinsically related to the nanoparticle assembly or more
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Mis en fo specific of the particular samples that we have studied, and in particular the aggregation discussed in section I, Figure 1, remains unknown and is a target of further study.

Finally, by combining the responsivity and noise measurements we evaluate the specific detectivity of the samples, using equation ( 6) (6) .
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Maps of the detectivity as a function of the operating temperature and applied bias are presented in Figure 7Figure 7.

These maps show that the HgTe CQD material is able to reach detectivity above 10 9 Jones. The optimal operating temperature is just below room temperature (270K) for sample A (λcut-off = 2.8µm) and is around 130K for sample C (with a λcut-off ≈ 6µm at this temperature). The applied optimal biases are respectively for sample A and C 19V (corresponding to an electric field of 8kV cm -1 ) and 8V (19kV cm -1 ), which is above the applied bias of the regular read-out circuit (generally a few volts). Nevertheless this optimal bias can easily be reduced by changing the spacing of the electrodes.

E. INFLUENCE OF THE THICKNESS

The thickness of the CQD film is an important parameter determining some of the detector properties. In particular, based on bulk optical properties of HgTe, the absorption depth of films of CQDs is expected to be around 5 microns, which is an order of magnitude larger than the thickest samples studied. Correspondingly, the optical densities of the samples were rather small, Mis en fo of the order of 0.1. Thicker films will directly lead to improved responsivities. While making uniform thick films will require a dedicated effort, it is interesting to explore how the response of thinner films varies with thickness. Therefore, three samples based on sample C of respective thickness 15, 35 and 450nm have been studied. Their properties are summarized in Table 2Table 2. The thickness is measured using an Atomic Force Microscope, scanning a groove made with a sharp razor blade. Even the thinnest film provides a measurable mid-IR photoresponse, while being very transparent and only a couple layers of dots. Generally the thicker the film the smaller the resistance, see Figure 8Figure 8 (a). An increase of the thickness also results in greater absorption which leads to a higher responsivity (Figure 8Figure 8(c)). In parallel, the noise also increases with sample thickness. According to Hooge's expression, we expect the current 1/f noise to increase as the
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square root of thickness while the responsivity increases linearly with the thickness as long as it remains much smaller than the absorption length. Therefore, there should be a net increase of the detectivity with square root of the thickness. A square root fit is then used as a guide to the eye in Figure 8Figure 8 (e).

The measurement of the transient photocurrent has been used to probe the density of states inside the gap of several materials. 32,33 Here, we focus on the transient photocurrent decay, which is related to the cut-off frequency of the detector. Surprisingly, an increase in film thickness gives a faster response of the detector, see Figure 8Figure 8 (b). It is also observed that an increase of the bias leads to a faster response, both for the rise and decay time while the incident beam energy only slightly affects the transient shape. Increasing the operating temperature of the detector, from 250K to 295K, also leads to a faster response. While these effects are not completely understood, they likely arise from capacitance associated with space charge at the contacts 34 .

While this capacitance is constant for a given electrode geometry, the resistance of the devices drops with increasing film thickness, bias and temperature, leading to a decreased RC time constant. Compared to PbS CQD detector 9 operating in the near-IR, the HgTe times response are much faster but the responsivities are also lower, in accordance with equation (2(2).

Since the optimal detectors need to have thicknesses larger than the thickest one studied here in order to saturate the absorption, we expect that the speed of the detector will be much faster than required for usual imagery application for which the typical integration time is in the 1ms range.

IV. CONCLUSION

The conductivity and mid-infrared response photoconductivity of HgTe CQD solid films are investigated as a function of temperature. By changing the size of the particle and the temperature, the cut-off wavelength has been tuned from the near infrared up to 7µm. The measured responsivity already competes with existing devices such as QWIP 35 or type II superlattices 36,37 and further improvements are expected with optimized thicker films.

The dark current is thermally activated with an activation energy close to half of the energy gap.

This suggests that, at room temperature, most carriers are thermally generated. From the estimated carrier density, the mobility is extracted and is relatively large at room temperature, of the order of 0.1-1 cm 2 V -1 s -1 , especially given that the material is a simple drop-cast film of CQDs without any attempt to eliminate or replace the ligands. These mobility values will need to be confirmed by direct measurements. We observe that the temperature dependence of the responsivity is much weaker than that of the dark current, being essentially constant around room temperature and dropping only at lower temperatures. We interpret this behavior as arising from already efficient charge separation at room temperature. The films show 1/f noise at low frequency with values of the Hooge's constant that are two orders of magnitude larger than for clean homogeneous metals, although the noise decreases with temperature leading to an optimum operating temperature. The best detectivity values for a 450 nm thick film are ~ 2×10 9 jones at 130K and the fastest response times are below 100 ns at room temperature. We stress again that these results have been obtained with no processing of the films other than simply drop-cast from solutions.

Since the mobility and carrier generation efficiency are already high it seems that further improvement will rather come from the improved optical absorption edge, longer carrier lifetime, and reduced noise. Improved optical properties come from thicker films, and materials with improved monodispersivity. Higher monodispersivity will also reduce the concentration of large dots which may act as recombination centers. Reducing the noise will involve investigating the effect of film processing to possibly reduce the crowding effect which maybe the source of excess 1/f noise. It is expected that detectivities above 10 10 Jones in the mid-IR will be achievable while maintaining a fast response time and moderate cooling temperatures consistent with imaging operation.
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  Figure 1Figure 1 gives a transmission electron microscopy (TEM, Tecnai F30, 300kV) image showing aggregated particles. Dynamic light scattering (DLS, Malvern, Zetasizer) measurements suggest the nanocrystals are similarly aggregated in colloidal solution. The aggregate size distribution follows approximately a log normal distribution typical, with a mean size which is typically 20 times larger than the single dot diameter. However the optical absorption shows confinement which varies only with the dimensions of the individual particles in the aggregates. Films of dots are obtained by drop-casting the TCE CQD solution on interdigitated Pt electrodes on a glass substrate (ABTech IME 1050, 50 periods, 100nm thick, 10 µm width and spacing).

Films

  of HgTe CQD film studied here are a few hundred nanometers thick and we also investigated thinner films made by using more dilute solutions. For all the following measurements, the samples are mounted on the cold finger of a closed cycle He cryostat (Coldedge SDRK 101D) operating between 3 and 300K. Three samples are under investigation in this study with the following cut-off wavelength at room temperature 2.8µm (sample A), 3.4µm (sample B) and 5.3µm (sample C). B. EXPERIMENTAL SETUP I(V) curves are measured using a Keithley 6487 pico-ammeter. The sample is illuminated by a tungsten light-bulb. Its temperature, measured with a pyrometer, is adjusted in the 1400 to 2100°C range, giving an incident power of a few mW on the sample. A home-made Michelson interferometer is used to measure spectral responses. A SiC lamp (equivalent to a 1200°C blackbody) serves as broadband light source and is chopped at a frequency in the kHz range. The detector signal is amplified using a Keithley 6487 and a PAR model 124 lock-in. The transient response of the detector is obtained by illuminating the sample with short pulses (10ps, 25Hz) of a Nd:YAG laser at 1.06µm. The transient photocurrent is recorded using a 100MHz digital oscilloscope (Tektronix, TDS 1012B).

  the hopping time between nanocrystals and the mobilities are related by ps Hopping times faster than recombination times are helpful for efficient operation.

.

  This gives energy barriers of 32 meV and 25 meV for samples B and C respectively. Energy disorder due to size inhomogeneity could easily be a larger effect, and may explain the discrepancy with measured values above.

  Figure 4Figure 4 (b), for the other temperatures. Finally the responsivity as a function of the

  Figure 6Figure 6 (c) for f=10Hz. The number of carriers can be evaluated as the product of the carrier density, which was estimated in table 1, and the volume of the sample. This gives 4×10 10 carriers for sample C. Since the value of N H  is typically 10 -11 for sample C, H  is therefore around 0.4, two decades above the Hooge value. The larger value of the Hooge constant therefore suggests that our CQD samples are possibly about 10 fold noisier

  research was supported by the US National Science Foundation NSF under Grant No DMR-070626 and by DOE under Grant No. DE-FG02-06ER46326. The authors made use of shared facilities supported by the NSF MRSEC Program under DMR-0820054. EL thanks Ecole Polytechnique, Palaiseau, France, for a postdoctoral fellowship.

Figure 1 :

 1 Figure 1: (a) TEM image of the HgTe material. (sample C) Scale bar is 10 nm. The inset shows a
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 2 Figure 2: Dark current for sample C, as a function of the inverse of the temperature, for three
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 3 Figure 3: Normalized spectral response for the sample A (top), B (middle) and C (bottom) for
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 4 Figure 4 (a) Position of the long-wavelength half maximum of the spectral response as a function
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 5 Figure 5: Responsivity for samples A, B and C as a function of the applied bias for different
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 6 Figure 6: (a) Current noise spectral density for a 2V bias at temperatures: 70, 110, 150, 190, 230,
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 7 Figure 7: Map of the specific detectivity as a function of temperature and applied bias for sample
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 8 Figure 8: (a) Dark current as a function of the applied voltage for three films. (b) Transient

Table 1 :

 1 Activation energies for the dark current of the three samples. This value is compared to

	the half value of the optical gap at room temperature. N0 is the estimated random close packed
	density of CQDs with the range based on a 20% standard deviation of the diameter. The carrier
	density, n, is estimated based on a model for intrinsic thermal activation. .
	Sample λcut-off	λcut-off
	(295	(70K)
	K)	
	(µm)	

(µm) Ea (meV) EG/2 (meV) From optical measurement N0 (×10 18 cm -3 ) n (×10 16 cm -3 ) α (10 -4 eV.K -1 ) β (K) EG(0K) (eV)

  

									From
									Varshni's
									fit
	A	2.8	3	273	221	2.6-7.6	0.08-0.3 1.5	500 0.43
				±10	±44				
	B	3.4	4.35 201	182	1.5-5	0.2-0.8	7	500 0.33
				±10	±36				
	C	5.3	6.6	106	117	0.6-2	1-4	7	500 0.23
				±10	±20				

Table 2 :

 2 Properties of the three films based on sample C (λcut-off≈5µm) and of different thicknesses. The time response is the 1/e decay time.

		Thick	Medium film Thin film
		film		
	Appearance	Brown	Barely	Colorless
			colored	
	Thickness	450	35	15
	(nm)			
	Dark Current,	22	0.56	0.031
	at 10V (mA)			
	Resistance	0.5	17	320
	(room T)			
	at 10V (kΩ)			
	Responsivity	1	7%	0.2%
	(normalized			
	by thick film			
	value)			
	Decay time	63	2×10 3	5×10 5
	(ns)