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Abstract： Mid-wavelength infrared （MWIR） imaging technology plays a crucial role in aerospace， medical diag⁃
nostics， and autonomous driving.  Van der Waals material black phosphorus （BP） exhibits exceptionally high car⁃
rier mobility and an ideal direct bandgap， making it a proven candidate for high-performance room-temperature 
MWIR sensing.  However， the stringent growth conditions and anisotropic growth characteristics restrict the devel⁃
opment of BP optoelectronic devices to small-scale laboratory demonstrations.  Therefore， there is an urgent need 
to develop large-scale， uniform， and high-performance BP photodetector arrays.  This study employed a room 
temperature preparation technique to deposit a large-area， uniform， low-oxidation BP ink film onto thin-film tran⁃
sistors， resulting in the development of a 64 × 64 high-performance MWIR snapshot photodetector array.  The 
room temperature ink preparation process effectively prevents the oxidation of BP during fabrication， achieving an 
oxidation loss as low as 1. 12%.  In addition， a gradient centrifugation strategy was employed to optimize the later⁃
al size and thickness distribution of the nanosheets in the BP ink， thereby facilitating the transport of charge carri⁃
ers.  The BP ink film array demonstrated a high photoresponsivity of 4. 52 mA/W in the MWIR range， with pixel 
light response non-uniformity as low as 10. 1%.  This study presents a new approach for advancing large-scale 
MWIR imaging technology.
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Introduction
Mid-wavelength infrared （MWIR） imaging is a tech⁃nique for image acquisition and analysis in the MWIR band （3– 5 µm）［1-5］.  As the primary atmospheric win⁃dow for infrared radiation， MWIR imaging exhibits low sensitivity to the atmosphere， enabling better capture of the infrared radiation characteristics of various substanc⁃es［6-8］.  This technique has demonstrated significant poten⁃tial in medical diagnostics［9， 10］， environmental monitor⁃ing［11， 12］ ， industrial applications［13， 14］ ， and aerospace 

［15， 16］.  The core components of imaging cameras are MWIR photodetector arrays， typically constructed from narrow bandgap semiconductor materials such as InSb［17， 18］， HgCdTe［19-22］， and type-II superlattices［23， 24］.  

Although these technologies have been established for de⁃cades， they have long struggled to overcome challenges 
related to epitaxial growth constrained by lattice match⁃
ing［25， 26］ and excessive thermal noise at room tempera⁃
ture［27］.

Two-dimensional van der Waals （vdW） narrow 
bandgap material black phosphorus （BP） has emerged as 
a promising candidate for MWIR photodetector applica⁃
tions［28， 29］.  BP thin films， produced through mechanical 
exfoliation， have shown effective performance in unit 
photodetectors， achieving high sensitivity MWIR detec⁃
tion at room temperature［30， 31］.  However， the stringent 
growth conditions and anisotropic growth characteristics 
restrict the development of BP optoelectronic devices to 
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small-scale laboratory demonstrations［32］.  Consequently， these small-scale array devices can only collect imaging data via a step-scanning module during the imaging pro⁃cess， which falls short of achieving MWIR snapshot im⁃aging［33］.Liquid-phase exfoliation technology， in conjunction with solution treatment， offers a scalable alternative for fabricating infrared photodetector arrays［34， 35］.  By formu⁃lating BP crystals into an ink， thin films at the centime⁃ter scale can be produced， allowing for concept valida⁃tion of single-pixel MWIR detection when biased［36］.  More importantly， vdW interface of this BP ink-based film is not limited by lattice matching， making it compati⁃ble with commercial CMOS processes for large-scale pro⁃duction.  However， BP ink films impose strict require⁃ments on particle size and thickness.  Larger BP nanosheets can create pinhole structures within the thin film， undermining array uniformity； conversely， BP nanosheets that are excessively small may exhibit a band⁃gap exceeding 0. 33 eV， which hampers mid-infrared light absorption［37］.  Furthermore， as a material prone to oxidation， the elevated processing temperatures associat⁃ed with liquid-phase exfoliation can exacerbate the oxida⁃tion of small BP particles， thereby degrading the perfor⁃mance of the film detectors［38］.  The existing BP ink prep⁃aration process is limited by the overlap and aggregation between BP layers， making it difficult to obtain a single component with a truly narrow particle size distribution.  This has kept the response uniformity and responsivity of the BP ink film detector array at a bottleneck.  Thus， the preparation of BP ink with controlled particle size and thickness distribution， along with the fabrication of large-scale， uniform， and stable BP thin film infrared photode⁃tector arrays， remains a critical challenge.Here， we developed a MWIR imaging array by inte⁃grating BP ink films with silicon-based thin-film transis⁃tors， successfully demonstrating mid-infrared imaging at room temperature.  To enhance pixel uniformity across a large scale， we employed a gradient centrifugation strate⁃gy to prepare BP nanosheets with concentrated particle size and thickness distributions， resulting in dark current non-uniformity as low as 10. 16% and response non-uni⁃formity of 10. 1%.  Utilizing low boiling point ethanol as a dispersant， the entire process of ink film preparation was conducted at a temperature as low as 78. 3 ° C， signifi⁃cantly mitigating performance degradation caused by the spontaneous oxidation of BP nanosheets.  The BP thin film array achieved a response rate of 4. 8 mA·W-1 in the wavelength range of 0. 6-4 µm， with a response time of 206 µs.  Based on this high-quality BP thin film array， we developed a 64 × 64 single-shot camera capable of demonstrating letter pixel imaging under 3. 3 µm wave⁃length radiation at an imaging frame rate of 10. 9 fps.  This high-quality thin film detector represents a signifi⁃cant advancement toward realizing the next generation of room temperature， high-performance， and CMOS-com⁃patible mid-infrared optoelectronic imaging technology.

1 Experimental section 
1. 1　Ink preparation and spin-coating process　A schematic illustration of the BP ink preparation process is shown in Figure S1.  Bulk BP crystals were first ground into sub-millimeter powders using either a mortar and pestle or a ball mill.  Approximately 15–20 mg of the BP powder was added into a 10 mL beaker con⁃taining 1. 5 mL of anhydrous N-methyl-2-pyrrolidone 
（NMP）.  The mixture was then sonicated using a probe-type ultrasonic processor with a maximum power of 150 W.  To suppress overheating during sonication， the out⁃put power was set to 50% of the maximum， with a 50% duty cycle.  The sonication time was varied from 20 to 180 min to control the thickness and lateral size of the BP flakes.  After sonication， the dispersion was transferred into 5 mL centrifuge tubes， and a stepwise centrifugation process was performed to select BP flakes of suitable size.  In the first step， the dispersion was centrifuged at 2000 rpm for 30 min to remove large BP particles， and the supernatant was transferred to a new centrifuge tube.  In the second step， the supernatant was centrifuged at 8000 rpm for 30 min； the top layer containing small parti⁃cles was discarded， and the black precipitate at the bot⁃tom was retained.  A small amount of NMP was intention⁃ally left in the tube to improve the solubility of BP in the final dispersion.  Next， 0. 2 mL of anhydrous ethanol and 25 µL of oleylamine were added to the retained BP sedi⁃ment， followed by a 2 min ultrasonic treatment in a water bath to ensure uniform dispersion.  Oleylamine was intro⁃duced to enhance the stability of BP flakes in solution.  The dispersion was then centrifuged again at 8000 rpm for 30 min， and the supernatant was discarded.  Finally， 0. 2 mL of anhydrous ethanol was added， followed by an⁃other 2 min ultrasonic treatment in a water bath， yielding the final BP ink.  Notably， anhydrous ethanol was chosen not only because of its lower boiling point compared to NMP， which facilitates subsequent spin-coating， but al⁃so due to its ability to dissolve oleylamine effectively.  To prepare BP thin films， the as-prepared ink was spin-coat⁃ed onto SiO₂/Si or sapphire substrates at 200 rpm for 5 s followed by 1200 rpm for 30 s.  The coated films were then dried at room temperature for 1–2 min.  Both the ink preparation and spin-coating processes were carried out entirely inside a nitrogen-filled glovebox to prevent oxidation of the black phosphorus.
1. 2　Characterization of BP Ink and films　The morphology and thickness of BP flakes were characterized using scanning electron microscopy （SEM， ZEISS GeminiSEM 300， Germany） and atomic force mi⁃croscopy （AFM， Bruker Dimension Icon）.  To prevent aggregation of BP flakes that could affect statistical accu⁃racy， the dispersions were further diluted with additional solvent before measurement.  The same dilution strategy was applied during UV–Vis–NIR absorption spectros⁃copy to avoid signal saturation in the BP ink measure⁃ments.  The molecular composition and crystal structure of the BP thin films were characterized using X-ray photo⁃electron spectroscopy （XPS， Thermo Scientific K-Al⁃pha） and X-ray diffraction （XRD， Rigaku Smartlab 9 
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kW）， respectively.  The infrared absorption spectra of BP films were obtained in reflection– transmission mode using a Fourier-transform infrared （FTIR） spectrometer 
（Rigaku Smartlab 9 kW）.  Raman spectra and map were collected using a Raman spectrometer （HORIBA LabRAM HR Evolution） equipped with a 532 nm excita⁃tion laser.
1. 3　Fabrication of device and array　The electrodes of the BP photodetector （Cr： 15 nm， Au： 45 nm） were deposited by dual ion beam sputtering through a fixed shadow mask directly onto the BP thin film.  This method allows for precise control of electrode thickness while avoiding photoresist-induced degradation of the BP layer.  The 64 × 64 TFT sensor chip （Linkzill） consisted of three functional regions： the common elec⁃trode area， the pixel area， and the pin area.  The top sur⁃faces of all three regions were composed of exposed indi⁃um tin oxide （ITO）.  The pixel area was silicon-based with a total size of 32 × 32 mm2， and each pixel mea⁃sured 500 µm × 500 µm.  The BP photodetector array was fabricated by spin-coating BP ink onto the pixel re⁃gion of the TFT backplane.  Prior to spin-coating， the common electrode and pin regions were covered with PI tape to prevent contamination.  The BP ink was spin-coat⁃ed onto the bottom ITO electrodes and dried at room tem⁃perature.  Afterward， the PI tape covering the common electrode region was removed， and a 15 nm Cr / 45 nm Au top electrode was deposited by dual ion beam sputter⁃ing.  Finally， the tape on the pin region was removed， and the TFT chip was thermally pressed to connect it to the readout circuit for testing.  Upon infrared illumina⁃tion， the storage capacitors collected photo-generated holes driven by an external bias， and digital image sig⁃nals were produced through an analog-to-digital converter 
（ADC）.  The acquired signals from the array sensor were transmitted to a mobile terminal via a wireless Wi-Fi module.  The maximum frame rate of the readout system reached 10. 9 fps.
1. 4　Photoelectrical performance measurement　Lasers with wavelengths ranging from 633 to 1550 nm were provided by laser diodes （Thorlabs）， with their output power controlled by a laser controller （Thorlabs ITC4001） and calibrated using an optical power meter 
（Thorlabs PM100D）.  For wavelengths beyond 2 µm， a tunable plasma laser （DSL-Laser） was employed as the illumination source， and its power was similarly calibrat⁃ed using the same optical power meter.  The response time was characterized using two types of oscilloscopes： an oscilloscope （Tektronix MDO3014） and a current pre⁃amplifier （SRS， Model SR570） connected to the mea⁃surement circuit.  All the measurements of the BP devic⁃es and arrays were carried out at room temperature.
2 Results and discussion 
2. 1　Preparation of BP ink guided by gradient cen⁃
trifugation strategy　High-quality BP ink films are a prerequisite for achieving a mid-wavelength photodetector array.  Fig.  1
（a） illustrates a simplified procedure for ink preparation 

and film formation.  Commercial BP crystals are initially mechanically ground into sub-millimeter-sized powders.  Subsequently， these BP powders are dispersed in N-methyl-2-pyrrolidone （NMP） and subjected to ultrasonic treatment to further reduce their particle size.  It is impor⁃tant to note that water and oxygen barriers are required during the crushing and ultrasonic treatment processes to prevent the oxidation of BP powder.  Oversized BP parti⁃cles can lead to uneven film distribution， adversely af⁃fecting the effective transport of charge carriers.  The gra⁃dient centrifugation strategy has proven effective in screening the particle size of granular materials［39］.  This strategy can eliminate larger particles at low speeds and smaller particles at high speeds， thereby retaining a rela⁃tively uniform size and thickness of the thin film， which is essential for ensuring the quality of the ink.  Refer to Fig.  S1 for more information on BP ink preparation pro⁃cess.The BP dispersions at different centrifugal speeds 
（2， 4， 6， and 8 krpm） are depicted in Fig.  S2.  At high⁃er centrifugal speeds， the increased settling force reduc⁃es the concentration of dispersed flakes， resulting in a more colorless supernatant.  Correspondingly， as the cen⁃trifugation speed increases， the absorption intensity grad⁃ually decreases， indicating a sustained reduction in BP concentration within the dispersion.  Typically， NMP is selected as a solvent and dispersant， providing higher striping efficiency and better dispersion stability for BP ink preparation compared to other organic solvents［40］.  Since BP is an easily oxidizable material， its oxidation is significantly influenced by temperature， necessitating the minimization of temperature during the ink prepara⁃tion process［41］.  Therefore， ethanol， which has a lower boiling point， was utilized as the solvent in this experi⁃ment， as its boiling point （78. 3 °C） is lower than that of NMP （204 °C）.  Additionally， low-boiling-point ethanol effectively reduces the viscosity of the ink， enhancing its fluidity during use.  In centrifugal operations， this aids in the dispersion and uniform distribution of BP particles.  Furthermore， oleylamine was introduced as a binder， and mild ultrasonic treatment was applied to produce sta⁃ble and uniform BP ink.  The addition of oleylamine not only enhances the stability of BP flakes in the solution but also adjusts the viscosity and surface tension of the ink， facilitating the formation of a more uniform film dur⁃ing the subsequent spin coating process［42］.  For more in⁃formation on ink formulations and spin coating proce⁃dures， please refer to Method.Table S1 summarizes the processing parameters un⁃der different ultrasonic treatment times and centrifuga⁃tion conditions.  The ultrasonic treatment times ranged from 20 to 180 minutes， progressively increasing from sample BP-A to sample D.  Gradient control experiments were performed to further elucidate the centrifugation conditions for the samples.  Sample A was prepared by centrifuging at 8000 rpm for 30 minutes to remove sedi⁃ment.  In contrast， samples BP-B， C， and D underwent a two-step centrifugation process： centrifugation at 2000 rpm for 30 minutes， followed by centrifugation at 8000 
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rpm for 30 minutes.  The morphological characterization and direct statistical analysis of the thickness and lateral dimensions of BP nanosheets were conducted using atom⁃ic force microscopy （AFM） and scanning electron mi⁃croscopy （SEM）， as depicted in Fig.  1（b） and Fig.  1
（e）.  Notably， to visually capture the particle size of BP ink， the sample used for photography was diluted at a ra⁃tio of 1：5.  The direct statistical analysis of the thickness and lateral dimensions of BP nanosheets is presented in the statistical histograms of Fig.  1（c） and Fig.  1（f）.  From the bottom panel of Fig.  1c， it is evident that due to the short ultrasonic treatment time and single-step cen⁃trifugation of sample BP-A， its lateral size distribution is 

broad， with a relatively large average size （~407. 5 nm）.  As ultrasonic treatment time increases and two-step centrifugation is applied， the lateral size of the thin film decreases， resulting in a more uniform size distribu⁃tion.  Distribution of thickness shown in Fig.  1（f） exhib⁃its a similar trend.  Figures 1（d） and Fig.  1（g） display the thickness and average lateral size of BP slices.  This confirms the effectiveness of the low-temperature gradi⁃ent centrifugation strategy in preparing BP ink with con⁃trollable particle size.
2. 2　Characterization of large-area BP ink film　BP has long been a subject of controversy due to its susceptibility to oxidation.  To demonstrate the minimal 

Fig.  1　Preparation process of BP ink with particle size concentration distribution guided by gradient centrifugation strategy： （（a） Prepa‐

ration process of BP ink and deposition techniques of BP ink； （b） Representative atomic force microscopic （AFM） images of solvent-ex‐

foliated BP nanosheets under different grinding times and centrifugation conditions； （c） Histograms of thickness of BP nanosheets for 

different ink processing conditions from AFM images； （d） Bar–scatter plots of BP nanosheet， including thickness distribution and stan‐

dard deviation； （e） SEM images of solvent-exfoliated BP nanosheets under different grinding times and centrifugation conditions； （f） 

Histograms of the lateral size of BP nanosheets for different ink processing conditions from SEM images； （g） Bar–scatter plots of BP 

nanosheet， including diameter distribution and standard deviation.

图 1　基于梯度离心策略引导的、具有粒径浓度分布的黑磷油墨制备过程：（a） 黑磷油墨的制备过程及沉积技术示意图；（b） 在不同

研磨时间和离心条件下，溶剂剥离法制备的黑磷纳米片的代表性原子力显微镜图像；（c） 根据原子力显微镜图像统计的不同油墨处

理条件下黑磷纳米片的厚度分布直方图；（d） 黑磷纳米片的条形-散点图，展示了厚度分布及标准偏差；（e） 在不同研磨时间和离心

条件下，溶剂剥离法制备的黑磷纳米片的扫描电子显微镜图像；（f） 根据扫描电子显微镜图像统计的不同油墨处理条件下黑磷纳米

片的横向尺寸分布直方图；（g） 黑磷纳米片的条形-散点图，展示了直径分布及标准偏差。

348



3 期 Zhu Long-Hai et al：Mid-wavelength infrared detector array based on black phosphorus ink thin film

effect of the gradient centrifugation strategy on BP， we performed X-ray photoelectron spectroscopy （XPS）.  The BP film was fabricated by spin coating BP ink onto a sili⁃con substrate within a nitrogen-filled glovebox.  Figure 2
（a） presents the XPS spectrum of the P 2p core energy level for the BP ink film.  The spectrum displays a spin–orbit splitting doublet at 129. 7 eV （2p3/2） and 130. 5 eV 
（2p1/2）， a signature feature of crystalline BP.  Additional⁃ly， a broad peak centered at 134. 5 eV is attributed to phosphorus oxide （PxOy）， which typically exhibits emis⁃sion peaks within the range of 132–136 eV［43］.  The state of PxOy generation significantly influences the perfor⁃mance of BP optoelectronic devices.  Figure S3 shows the XPS spectra under different processing methods.  It is noteworthy that the BP ink prepared via spin coating， un⁃der conditions involving low boiling point solvents and ox⁃ygen barriers， exhibits extremely low oxidation loss， thereby ensuring the performance of subsequent optoelec⁃tronic devices.  The comparison of common BP ink film preparation processes is shown in Table S2.X-ray diffraction （XRD） presented in Fig.  2（b） il⁃lustrates the crystal structure of high-purity BP powder and BP ink film， indicating that the lattice orientation of the BP ink film aligns with that of the powder［44］.  The consistency of the relative peak positions further suggests that the ink preparation process has minimal destructive impact on the BP materials.  XRD analysis image of BP nanosheets dispersed using low boiling point process sol⁃vent is shown in Fig.  S4.  We measured the average re⁃flection and transmission spectra of the BP ink film and subsequently calculated the absorption spectra， as de⁃picted in Fig.  2（c）.  The transmission spectrum of BP film is shown in Fig.  S5.  The BP ink film exhibits char⁃acteristic infrared absorption extending into the MWIR region.  The film’s thickness distribution leads to varia⁃tions in the bandgap across different areas， rendering it unreliable to extract the optical bandgap from the Tauc diagram， which accounts for the observed distribution in the absorption spectrum［45］.The Raman spectroscopy results presented in Fig.  2
（d） demonstrate that the crystal structure of BP in the ink remains intact， matching with that of bulk BP.  Char⁃acteristic peaks corresponding to the A1g， B2g， and A2g phonon modes were observed at 361. 9 cm-1， 439. 3 cm-1， and 466. 8 cm-1， respectively［46， 47］.  Since these peaks arise from the lattice vibrations of BP， their consistency confirms that the exfoliated BP flakes exhibit high crystal⁃linity.  To assess the low oxidation characteristics and uniformity of the ink films on a large scale， we conducted Raman mapping scans on BP ink films over an area of 100 × 100 µm2， as illustrated in Fig.  2（e）.  The intensi⁃ty in the mapping is defined as the ratio of A1g to A2g pho⁃non intensity， which serves to directly illustrate the deg⁃radation of BP due to oxidation［48］.  Typically， a higher ra⁃tio indicates a more severe oxidation effect on BP.  The large-scale low ratio results suggest that the ink film is a pinhole-free film with uniform crystallinity at the sub-mil⁃limeter scale and has not been excessively oxidized dur⁃ing the preparation process.  The statistical histogram in 

Fig.  2（f） shows that only 1. 12% of the measured data points have a ratio higher than 0. 6.  This low proportion of oxidation sites indicates that our method induces mini⁃mal oxidation of BP， significantly lower than that report⁃ed in previous methods （Table S2）.
2. 3　Photoelectric properties of the BP ink film pho⁃
todetector　We further investigated the broadband optoelectron⁃ic detection capability of BP ink film optoelectronic de⁃vices.  The schematic diagram of BP ink photodetector， prepared with an 850 nm thick BP ink film， is presented in Fig.  3（a）.  The detailed device fabrication process is outlined in Method.  A cross-sectional SEM image of the device can be found in Fig.  S6.  The optical microscope photograph of the device is illustrated in Fig.  S7， where the pixel area is a rectangle measuring 35 µm in length and 5 µm in width.  Fig.  3（b） displays the I-V charac⁃teristic curves under dark conditions and 1060 nm laser irradiation.  Under laser illumination， BP devices demon⁃strate significant photoconductive effects.  At a bias volt⁃age of +0. 5 V and a laser power density of 32. 05 W·cm-2， the peak photocurrent reaches 85 nA at a wave⁃length of 1060 nm， while the dark current density of the device is only 4. 57 mA/cm2.  Fig.  3（c） shows I-T re⁃sponse under laser irradiation at different wavelengths maintaining a power density.  The photocurrent of BP de⁃vices increases with wavelength from 633 nm to 1550 nm. To more accurately assess the response performance of the BP ink photodetectors， we conducted variable pow⁃er tests under laser illumination at 633， 1550， and 3366 nm.  Fig.  3（d） illustrates the relationship between the photocurrent and optical power density.  This relationship can be described by the equation： Iph = Pα， where Iph rep⁃resents the net photocurrent， calculated by subtracting the dark current （Idark） from the current （Ilight） under laser irradiation.  P denotes the optical power density， and α is the fitting index.  Under illumination at 633， 1550， and 3366 nm， the fitting index α is approximately 0. 73.  All α values are less than 1， which can be attributed to the complex processes of carrier generation， capture， and re⁃combination［49］.  This sublinear behavior indicates the presence of trap states in the channel， contributing to the photoconductive gain of the device.Responsivity （R） and detectivity （D*） are key pa⁃rameters for evaluating the performance of photodetec⁃tors.  R is defined as：

R = Iph

P × A
 ， (1)

where A is the area of the BP device， A=175 µm2.  Mean⁃while， D* is calculated as：
D* = AΔf

in 2 R  ， (2)
where Δf is electrical bandwidth， in

2 is noise current den⁃sity.  The noise current of the BP device is presented in Fig.  3（e）.  As shown in Fig.  3（f）， under illumination at different wavelengths， R and D* of the photodetector fol⁃low the same trend with increasing laser power.  The peak 
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R and D* of the device are 4. 52 mA W-1 and 1. 7×108 cm Hz1/2 W-1 at 1550 nm， respectively.  At high optical power densities， both R and D* decrease due to the saturation of optical absorption and carrier extraction processes［50］.  Response time of BP ink device was characterized in Fig.  3（g）.  The rise time and decay time are defined as the time required for the photocurrent to increase from 10% to 90% of its maximum value， and to decrease from 90% to 10%， respectively.  Under illumination at 633 nm， 1550 nm， and 3366 nm， the rise times are approxi⁃mately 206 µs， 185 µs， and 232 µs， while the decay times are about 156 µs， 150 µs， and 225 µs， respec⁃tively.Figure 3（h） illustrates R of BP ink device under la⁃ser irradiation ranging from 633 nm to 1550 nm， both im⁃mediately after fabrication and after 60 days of storage.  The trend of R with respect to wavelength aligns with the photoelectric current depicted in Fig.  3（d）.  R increases with the wavelength within this range.  To further validate the exceptional broadband optical response of the BP pho⁃todetector， we assessed its MWIR response capabilities using an adjustable mid-wave infrared light source.  The test results are presented in Fig.  S8.  The responsivity was calculated over a wavelength range of 2217 nm to 3951 nm.  At optical power density of 38. 21 mW cm-2， a 

peak responsivity of 4. 67 mA W-1 at 2513 nm in Fig.  3
（i）.  The device retained 75% of its initial responsivity after 60 days.  The blue shift in the peak wavelength is at⁃tributed to the presence of numerous few-layer BP nanosheets in the ink film， which significantly influence its photoelectric properties.  Additionally， the interlayer transitions within the stacked BP nanosheets broaden the device’s response range， extending it to 3951 nm.  These key performance indicators underscore the feasibil⁃ity of utilizing spin-coated BP films derived from BP ink to fabricate high-performance photodetectors.
2. 4　Coded communication and Mid-infrared snap⁃
shot imaging　We demonstrated applications in high-speed optical communication and mid-infrared snapshot imaging.  Fig.  4（a） illustrates a complete reflection imaging system， which consists of a laser reflection optical path， a preci⁃sion scanning platform， and a synchronous signal acqui⁃sition module.  During the imaging process， the detector converts the reflected light signal into an electrical sig⁃nal， which is subsequently collected and processed by a computer.  By encoding the working state of the laser， BP devices have exhibited excellent optical communication capabilities.  The strings “SITP” and “SHU” are convert⁃ed into binary sequences according to the American Stan⁃

Fig.  2　Characterization of uniformity and oxidation degree of large-area BP ink film： （a） High-resolution X-ray photoelectron spectros‐

copy （XPS） results of the P 2p signal for the BP film，the inset shows a BP thin film formed on a silicon substrate via spin-coating of BP 

ink； （b） X-ray diffraction （XRD） data of BP film on silicon substrate and BP source powder； （c） The absorption spectrum （a. u.） ob‐

tained from transflection-mode FTIR spectroscopy of the BP film spanning 1. 33 μm to 7. 45 μm； （d） Raman spectrum for BP film and 

BP bulk； （e） Raman map of the intensity ratio， I（A1
g）/I（A2

g）， with 1-μm spatial step on a ~100 μm–by–100 μm area of BP film； （f） 

Corresponding histogram of the map in e.  Spectra with intensity ratios below 0. 6 provide evidence of oxidation at those locations.

图 2　大面积黑磷油墨薄膜的均匀性与氧化程度表征：（a） 黑磷薄膜P 2p信号的高分辨率X射线光电子能谱结果，插图为通过旋涂

黑磷油墨在硅基底上形成的黑磷薄膜示意图；（b） 硅基底上黑磷薄膜与黑磷源粉末的X射线衍射数据对比；（c） 在 1. 33 μm至 7. 45 

μm波长范围内，通过透反射模式傅里叶变换红外光谱获得的黑磷薄膜吸收光谱（任意单位）；（d） 黑磷薄膜与黑磷块体材料的拉曼

光谱对比；（e） 在约100 μm × 100 μm的黑磷薄膜区域上，以1 μm空间步进扫描得到的拉曼强度比 I（A1
g）/I（A2

g）的二维映射图；（f） 图

（e）中映射图对应的强度比分布直方图，强度比值低于0. 6的光谱为该位置存在氧化的证据。
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dard Code for Information Interchange （ASCII） to control the operating state of the laser.  As shown in Fig.  4（b）， when the 1550 nm laser is modulated according to the 
“SITP” binary sequence， the BP photodetector can quickly and accurately detect the corresponding optical signal.  Similarly， when modulating a 1060 nm laser ac⁃cording to the “SHU” sequence， the collected signal is presented in Fig.  4（c）.Furthermore， we have demonstrated the scanning imaging capability of the unit BP ink device across the visible to near-infrared spectrum.  The illustration in Fig.  4（d） depicts a custom-designed imaging target， which consists of a high reflectivity metal pattern deposited on a 

SiO ₂/Si substrate.  This pattern is defined as the “SITP” letter pattern through electron beam exposure.  Under la⁃ser irradiation at 633， 1060， and 1550 nm， the letter patterns were scanned using the reflective imaging sys⁃tem shown in Fig.  4（a）， and the imaging results are dis⁃played in Fig.  4（d）-4（f）， respectively.  Notably， com⁃pared to the imaging effect in the visible range （633 nm）， the image captured at 1550 nm exhibits a signal-to-noise ratio （SNR） of up to 33. 8， indicating a clearer im⁃aging quality.  This high-performance behavior under⁃scores the potential application of thin film devices pre⁃pared by spin coating BP ink in high-resolution imaging and infrared coding communication.

Fig.  3　The room temperature wide spectral range photoelectric characteristics of the photoconductive BP ink thin film photodetector： 

（a） The schematic diagram of the BP photodetector with a broadband response； （b） I–V curves of the BP photodetector in the dark and 

under the illumination of a 1060 nm laser； （c） I–T curves of the BP photodetector under illumination with different monochromatic la‐

sers； （d） Light power-dependent photocurrent； （e） Noise current spectral density of the BP photodetector at 0. 5 V bias from 10 Hz to 

104 Hz； （f） Responsivity and specific detectivity； （g） Response time as a function of laser power intensity under illumination at 633 

nm， 1550 nm， and 3366 nm， respectively； The wavelength-dependent light response of black phosphorus photodetectors in the （h） visi‐

ble near-infrared and （i） NWIR to MWIR， as well as their response ability after being placed in the atmosphere for 60 days.  The black 

line represents the original response capability， and the red line represents the response capability after being placed for 60 days.

图 3　光电导型黑磷油墨薄膜光电探测器的室温宽光谱范围光电特性：（a） 具有宽带响应的黑磷光电探测器结构示意图；（b） 黑磷

光电探测器在黑暗中和 1060 nm激光照射下的电流-电压曲线； （c） 在不同单色激光照射下黑磷光电探测器的电流-时间曲线；（d） 

光功率依赖的光电流； （e） 在 0. 5 V偏压下，黑磷光电探测器在 10 Hz至 10⁴ Hz频率范围内的噪声电流谱密度；（f） 响应度与比探测

率；（g） 响应时间分别作为 633 nm、1550 nm和 3366 nm激光照射下光功率强度的函数；黑磷光电探测器在（h） 可见光-近红外及（i） 

近红外-中波红外区域的波长依赖光响应以及大气放置 60天后的响应能力。其中黑色线代表原始响应能力，红色线代表放置 60天

后的响应能力。
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Unit photodetectors require physical movement or temporal reuse to scan a scene， whereas arrays can sam⁃ple multiple points in parallel， achieving data acquisition speeds that far exceed those of point-by-point scanning.  Therefore， after evaluating the imaging performance of the unit BP ink photodetector， we employed a large-scale ink film preparation process to deposit a uniform BP ink film onto a thin film transistor （TFT）.  TFT chip consists of a 64 × 64 transistor array.  Given the strong penetra⁃tion ability of mid-infrared light in materials and the ne⁃cessity for a thicker absorption layer to enhance light re⁃sponse， we deposited an 850 nm BP film on the surface of the TFT.  In contrast to thin-layer BP detectors pro⁃duced by mechanical exfoliation， TFT-integrated arrays require a thicker BP absorption layer， which is a compro⁃mise due to the inherent dark current of the readout sys⁃tem.  Subsequently， metal electrodes were thermally evaporated onto the BP ink film， and the deposited metal 

electrodes were grounded， as illustrated in Fig.  S9.  A comparative summary of recently reported black phospho⁃rus （BP） and BP heterojunction arrays prepared using different methods is presented in Table S3， including ar⁃ray size， wavelength， R， D*， and response time.  The re⁃sults indicate that the BP array we fabricated exhibits a relatively large array scale and broadband photores⁃ponse， with performance and response time approaching those of mechanically exfoliated BP heterojunction ar⁃rays. During the infrared imaging process， it is essential to orient the TFT chip with BP array devices deposited onto the readout device （with one side of the Cr/Au elec⁃trode facing downward and grounded） and connect the readout leads， as depicted in Fig.  S9.  Noted that due to the photoconductive mode of the BP ink film detector， the TFT circuit is required to control the scanning volt⁃age， which to some extent alleviates the crosstalk prob⁃

Fig.  4　Coded communication and broadband imaging demonstration based on BP ink thin film photodetector： （a） A schematic illustra‐

tion of the reflection imaging system； （b， c） I–T characteristics of the BP photodetector used for high-speed optical communication； 

（d， e， f） High-resolution imaging patterns of “SITP” under 633 nm， 1060 nm， and 1550 nm laser illumination， respectively.  Inset in 

（d）： Optical microscope image of the target sample used for imaging.

图 4　基于黑磷油墨薄膜光电探测器的编码通信与宽带成像演示：（a） 反射式成像系统的结构示意图；（b， c） 用于高速光通信的黑

磷光电探测器的电流-时间特性曲线；（d， e， f） 分别在 633 nm、1060 nm和 1550 nm激光照射下获得的高分辨率“SITP”成像图案。

图（d）中的插图：用于成像的目标样品的光学显微镜图像。
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lem of the device itself.  The high transmission of visible to infrared light through the indium tin oxide （ITO） elec⁃trode on the back of the TFT enables the BP array detec⁃tor to detect incident light.  The detailed array prepara⁃tion and testing procedures can be found in Method.  It is important to note that the metal electrodes on the back have been grounded， and the actual circuit readout de⁃pends on the scanning control program of the TFT sys⁃tem.  To characterize the uniformity of the photoelectric response of the array， we analyzed the dark current distri⁃bution across all 4096 pixels， as shown in Fig.  5（b）.  We have computed the uniformity of electronic devices in BP ink film arrays that have been previously published.  The dark current variation among the 4096 pixels in the BP array does not exceed 10. 16%.  Under infrared illu⁃mination， storage capacitors collect holes driven by exter⁃nal voltage， and analog-to-digital converters generate the corresponding digital image signals.  We calculated the photocurrent distribution of the 4096 pixels under 3300 nm infrared light irradiation， revealing a pixel light re⁃sponse non-uniformity of 10. 1%.  The uniformity test of 

the photoelectric response of the BP ink film array is shown in Fig.  5（c）.  The statistical histogram of array pixels is shown in Fig.  5（d）.  This indicates that the gra⁃dient centrifugation strategy and the BP ink film prepared using low boiling point solvents are advantageous.To demonstrate the real-time infrared imaging capa⁃bility， a transparent plastic film was placed over the ar⁃ray surface， and the abbreviation “SH” for Shanghai was handwritten on it with a marker.  Under illumination by a 3300 nm infrared light source， the TFT readout system was used for synchronized imaging.  Imaging results tak⁃en at 3-second intervals are presented in Fig.  5（e）.  The clear contours indicate minimal photoelectric crosstalk between adjacent pixels， illustrating the potential appli⁃cation of BP ink thin film optoelectronic arrays.
3 Conclusions 

We reported a mid-wavelength infrared photodetec⁃tor array based on BP ink film， and demonstrated it through uncooled infrared snapshot imaging.  The 4096-pixel infrared photoelectric array has achieved several 

Fig.  5　Mid-infrared snapshot imaging based on high uniformity BP ink film photodetector array： （a） Photograph of the 64 × 64 MWIR 

TFT imaging array backplane based on black phosphorus ink （inset： optical microscope image of the pixel area）； （b） Dark current distri‐

bution of BP imaging array；（c） Photocurrent distribution of the BP imaging array； （d） Statistical histogram of dark current and photo‐

electric response of array pixels； （e） Imaging results of the handwritten letters “S” and “H”， represented by the photocurrent measured 

at each pixel.

图5　基于高均匀性黑磷油墨薄膜光电探测器阵列的中波红外快照成像：（a） 基于黑磷油墨的64×64中波红外薄膜晶体管成像阵列

背板照片（插图：像素区域的光学显微镜图像）；（b） 黑磷成像阵列的暗电流分布；（c） 黑磷成像阵列的光电流分布；（d） 阵列像素的

暗电流与光响应统计直方图；（e） 以各像素点测得的光电流表示的手写字母“S”和“H”的成像结果。
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key performance indicators at room temperature： an aver⁃age detectivity （D*） of up to 1. 7 × 108 cm Hz1/2W-1， wavelength range of 0. 6-4 µm， and a response time of 206 µs.  The dark current non-uniformity of the array is as low as 10. 16%， with a response non-uniformity of 10. 1%.  The significant performances can be attributed to improvements in the preparation process of ink opto⁃electronic devices.  The gradient centrifugation strategy has refined the traditional ink preparation process， yield⁃ing BP nanosheets with a concentrated particle size and thickness distribution.  Additionally， employing low boil⁃ing point solvents， such as ethanol， to lower the process⁃ing temperature of the ink film to room temperature signif⁃icantly mitigated performance degradation caused by the spontaneous oxidation of BP nanosheets.  This high-quali⁃ty ink preparation method undoubtedly paves the way for the development of large-area optoelectronic chips and represents a substantial advancement in the next genera⁃tion of room temperature， high-performance， and CMOS-compatible mid-infrared optoelectronic imaging technolo⁃gy.
Supporting Information

     The supporting Information is available free of Com⁃plete schematic diagram of the BP ink film preparation process.  （Figure S1）； Supernatant photographs and UV
–VIS–NIR absorption spectra of BP dispersions.  （Fig⁃ure S2）； XPS test results of BP nanosheet with different degrees of oxidation.  （Figure S3）； TEM and XRD analy⁃sis images of BP nanosheets.  （Figure S4）； Infrared transmission spectroscopy of BP ink film.  （Figure S5）； Characterization of thickness and morphology of BP ink film.  （Figure S6）； Optical microscope image of BP ink film photodetector.  （Figure S7）； I-T testing of BP ink film photodetector in the range of 2217nm to 3951nm.  
（Figure S8）； Schematic structure of a 64 × 64 MWIR im⁃aging array based on black phosphorus ink.  （Figure S9）； Processing parameters under ultrasonic treatment time and centrifugal conditions.  （Table S1）； Compari⁃son Table of BP Ink Preparation Processes.  （Table S2）； Summary of main indicators of BP photodetector array.  
（Table S3）.
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基于黑磷油墨薄膜的中波红外探测器阵列

朱龙海 1， 段世坤 2， 陈茂华 2， 白雨卓 2， 赵天歌 2， 余羿叶 2， 卫 钦 3， 徐腾飞 3， 
Martyniuk Piotrt4， 王 振 2*， 胡伟达 1，2*

（1. 上海大学微电子学院，上海 201800
2. 中国科学院上海技术物理研究所 红外科学与技术全国重点实验室，上海 200083

3. 南通大学微电子学院（集成电路学院），江苏 南通 226019
4. Institute of Applied Physics， Military University of Technology， 2 Kaliskiego St. ， Warsaw 00-908， Poland）
摘要：中波红外成像技术在航空航天、医疗诊断和自动驾驶等领域发挥着至关重要的作用。范德华材料黑磷
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凭借其极高的载流子迁移率和理想的直接带隙，已被证实是构建高性能室温中波红外传感器的有力候选材

料。然而，严苛的生长条件及各向异性的生长特性，限制了黑磷光电器件的发展，目前仍停留在小规模实验

室演示阶段。因此，开发大规模、均匀且高性能的黑磷光电探测器阵列迫在眉睫。本研究采用室温制备技

术，将大面积、均匀、低氧化的黑磷油墨薄膜沉积到薄膜晶体管上，成功研制出 64 × 64的高性能中波红外快照

式光电探测器阵列。该室温油墨制备工艺有效防止了黑磷在加工过程中的氧化，实现了低至1.12%的氧化损

耗率。此外，通过梯度离心策略优化了黑磷油墨中纳米片的粒径与厚度分布，从而促进了电荷载流子的传

输。该黑磷油墨薄膜阵列在中波红外波段展现出 4.52 mA/W 的高光响应度，像素光响应非均匀性低至

10.1%。本研究为推进大规模中波红外成像技术的发展提供了一条新路径。
关 键 词：黑磷；油墨薄膜；中波红外；快照成像
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