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Abstract 

We report an enhanced performance flexible titanium nitride/germanium-tin (TiN/GeSn) 

photodetector (PD) with extended photodetection range based on sub-bandgap absorption. 

Transfer-printed single-crystalline GeSn membranes are integrated with plasmonic TiN to form 

TiN/GeSn heterojunction on polyethylene terephthalate substrates. Formation of the 

heterojunction creates Schottky contact between TiN and GeSn. Schottky barrier height of 0.49 

eV extends the photodetection wavelength to 2530 nm and further enhances the light absorption 

capability within the detection range. In addition, finite-difference time-domain simulation 

proves that the integration of TiN and GeSn could enhance average absorption from 0.13 to 

0.33 in near infrared (NIR) region (e.g., 1400 to 2000 nm) and more than 70% of light is 

absorbed in TiN. Responsivity of the fabricated TiN/GeSn PDs is increased from 30 to 148.5 

mA/W at 1550 nm. There is also a ~ 180 nm extension in optical absorption wavelength of the 

flexible TiN/GeSn PD. The enhanced performance of the device is attributed to the absorption 

and separation of plasmonic hot carriers via TiN and TiN/GeSn junction, respectively. The 

effect of external uniaxial strain is also investigated. Tensile strain of 0.3% could further 

increase the responsivity from 148.5 to 218 mA/W, while it is decreased to 102 mA/W by 0.25% 

compressive strain. In addition, the devices maintain stable performance after multiple and 

longtime bendings. Our results provide a robust and cost-effective method to extend the NIR 

photodetection capability of flexible group IV PDs. 
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1. Introduction  

In recent years, germanium (Ge) has gained more popularity in near infrared (NIR) 

optoelectronics due to its high carrier mobility and absorption coefficient.1–4 However, Ge 

photodetectors (PDs) are known to have significantly reduced responsivity when the 

wavelength becomes longer than 1.55 µm because the absorption coefficient of Ge abruptly 

drops beyond 1.55 µm. This limits its practical applications in L-band covering from 1560 to 

1620 nm such as dense wavelength division multiplexing (DWDM).5 Therefore, it is very 

important to develop a viable technology which can enhance the light absorption of Ge beyond 

1.55 µm. Many attempts have been made to increase the responsivity of Ge PDs using a variety 

of strategies such as tensile strain introduced by stressor or mechanical bending,6–8 artificially 

designed structure (e.g., resonant cavity, surface texturing, and integrated waveguide),9–14 and 

optimization of pad design.15 In addition, the integration of high Sn alloying to Ge is a 

promising candidate for high peak responsivity and detectivity in short wavelength infrared 

(SWIR) even to mid infrared (MIR) due to the efficient transition from indirect to direct 

bandgap.16,17 Another practical method is sub-bandgap absorption that metallic layer absorbs 

the photons to generate hot carriers, followed by injection of hot carriers into GeSn through 

going over the SBH between GeSn and metal, which is usually smaller than the bandgap of 

GeSn. Dopant-mediated sub-bandgap Ge PDs with supersaturated concentration of gold (Au) 

have been reported, which are able to extend photo-response to SWIR region.18 Therefore, it is 

worth exploring further how to couple sub-bandgap absorption into GeSn.  

Noble metals such as Au and silver (Ag) are typical materials for hot carrier excitation 

owing to their high free carrier densities. However, the large work function of Au and Ag 

increases barrier height between metal and semiconductor, thus making it difficult to collect 

hot carriers. In addition, plasmon resonances of Au and Ag are narrow, which limit the 

broadband absorption. On the other hand, transparent conductive oxides,19 carbides20 and 

transition metal nitrides21 offer the best choices for hot carriers excitation due to their metallic 

band structures and tunable plasmon resonances. In particular, titanium nitride (TiN), one of 

the transition metal nitrides, has attracted considerable attention as one of the most effective 

plasmonic metals by virtue of attractive optical properties and high photoelectric conversion 

efficiency. Specifically, it possesses small negative real part and high imaginary part of the 

permittivity that allow higher absorption than that of Au.22 Its high melting point to sustain 

high optical power illumination enables high-performance hot-carrier devices.23,24 It also 

exhibits high carrier concentration reaching to the order of 1022 cm-3, which is necessary for 
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plasmon production in the visible and NIR ranges. Therefore, plasmonic Schottky PD with TiN 

has been a topic of interest in recent years. For example, TiN/Ge Schottky PD was 

demonstrated by Shindo et al. in 2019.25 The authors deposited both Ge and TiN layers using 

a sputtering process to form the TiN/Ge heterojunction, then, achieved the photodetection up 

to 2600 nm. However, the deposited Ge was amorphous, causing poor device performance such 

as low responsivity. In addition, the device was built on rigid SiO2/Si substrates, thus limiting 

its use in flexible and wearable applications.  

In this paper, we have experimentally demonstrated the extension of the photodetection 

wavelength range of flexible sub-bandgap TiN/GeSn PDs. A 30 nm thick TiN film was 

sputtered on single-crystalline GeSn membranes transfer-printed on polyethylene terephthalate 

(PET) substrates to form flexible TiN/GeSn heterojunction. Schottky barrier height (SBH) of 

0.49 eV was formed between TiN and GeSn, enabling the transition of photo-excited carriers 

resulted from the absorption in TiN. Therefore, a ~180 nm extension of the absorption 

wavelength coverage was observed, while at the same time displaying a significant 

enhancement in the responsivity over a wavelength range of 1400 to 2000 nm. In addition, 

external uniaxial strain further modulated the responsivity by changing the bandgap of GeSn 

and therefore its absorption coefficient. Overall, our results provide a viable approach to 

enhance the performances of flexible NIR PDs with broad spectral responsivity. 

 

2. Results and Discussion 

2.1 Device fabrication 

 
Fig. 1 (a) The schematic process flow of flexible TiN/GeSn heterojunction PDs: (a-i) Formation of etching hole 

array to facilitate subsequent undercut process. (a-ii) HF undercut to release GeSn membranes, followed by flip-

transferring on PET substrate. (a-iii) Formation of rectangular-shaped heterojunction by sputtering TiN. (a-iv) 

Deposition of Ni contacts. (a-v)&(a-vi) Application of external uniaxial tensile and compressive strains by 

concave and convex bending fixtures, respectively. (b) An optical image of flexible TiN/GeSn PDs and its zoomed 

in microscopic image. 

 

Fig. 1 outlines the fabrication procedure of flexible TiN/GeSn heterojunction PDs. Preparation 

of GeSn-on-insulator (GeSnOI) wafer began with the epitaxial growth of GeSn on Si and wafer 

bonding of GeSn/Ge/Si and oxidized Si substrates. 90 nm thick GeSn layer was epitaxially 
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grown on Ge-buffered Si substrates by metal organic chemical vapor deposition (MOCVD). 

Then, backside Si of GeSn/Ge/Si substrate was completely removed by potassium hydroxide 

(KOH) chemical etching and Ge was removed by reactive ion etching (RIE). GeSnOI consists 

of top 90 nm GeSn and bottom 300 nm SiO2 on Si substrates. The detailed fabrication process 

and material characterization are described elsewhere.26,27 Square-shaped membrane (2 × 2 

mm2) with etching hole array with a diameter and spacing of 3 and 50 µm, respectively, was 

patterned on GeSnOI, followed by chlorine (Cl2) RIE to expose buried oxide layer (Fig. 1(a-

i)). The etching holes facilitate the access of etching solution to sacrificial layer, leading to 

efficient undercut process. Subsequently, the sample was immersed in hydrofluoric acid (HF, 

49%) for 2 minutes to completely remove the sacrificial SiO2 layer. Released p-type GeSn 

membranes were flip-transferred on SU-8 2002 coated 175 µm thick PET substrates (Fig. 1(a-

ii)). 30 nm thick TiN was sputterred on GeSn to form TiN/GeSn heterojunction (Fig. 1(a-iii)). 

Finally, nickel (Ni) pads (width: 40 µm and length: 80 µm) with a thickness of 30 nm were 

deposited on both TiN and GeSn (Fig. 1(a-iv)). Fig. 1(b) shows the microscopic image of 

flexible TiN/GeSn PDs. The devices were conformally placed on convex and concave fixtures 

with the same radii to apply comparable uniaxial tensile and compressive strain (Fig. 1(a-v, a-

vi)), which were evaluated by Raman spectroscopy (UHT S300 & WITEC). Flexible Ge and 

GeSn PDs without TiN were also fabricated to study the effect of TiN on device performance. 

2.2 Optical characterization 

 
Fig. 2 (a) Refractive index and extinction coefficient of GeSn28 (dash line) and thin TiN film (solid line).  (b) 

Schematic of layer structures to simulate the light absorption and their corresponding simulated absorption: i) 

Case 1: GeSn membrane on PET ii): Case 2: TiN/GeSn membrane on PET. (c) Absorption in TiN (dot line) and 

GeSn (dash line) layers, respectively for Case 2.  

 

Fig. 2(a) shows refractive index (n) and extinction coefficient (k) spectra of GeSn and TiN 

extracted from ellipsometry measurement, which matches well with previous reports.2, 29,30 The 

refractive index of GeSn decreases slightly from 4.6 to 4.3 when the wavelength increases from 

1000 to 2000 nm, while that of TiN gradually increases from 2.57 to 4.88. The refractive index 

spectra intersect at 1630 nm, indicating that GeSn possesses larger refractive index than TiN 

for wavelength below 1630 nm. Therefore, higher reflection occurs at GeSn surface due to high 
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refractive index contrast with air. In other words, low refractive index of TiN allows more 

photons to be absorbed due to reduced reflection.31 The extinction coefficient of GeSn 

decreases from 0.6 to 0.2 when the wavelength increases from 1000 to 2000 nm, while TiN has 

much larger extinction coefficient varying from 4.5 to 5.5 at the same wavelength range. It 

indicates that TiN is an efficient absorber when it is integrated with GeSn.  

To further investigate the effect of TiN layer on absorption, optical simulation was carried 

out using FDTD simulator (Lumerical). As shown in the inset of Fig. 2(b), the cross-sectional 

structure with the actual thicknesses (GeSn: 90 nm and TiN: 30 nm) and measured optical 

parameters (i.e. refractive index and extinction coefficient) of each layer were used. Fig. 2(b) 

shows the simulated absorption spectra of GeSn and TiN/GeSn, respectively. The absorption 

in TiN/GeSn heterojunction decreases steadily from 0.48 at 1400 nm to 0.12 at 2000 nm, while 

that of only GeSn decreases dramatically to 0.08 at 1650 nm followed by slightly decreases to 

0.02. This indicates that addition of TiN broadens the absorption coverage spectrum. 

Meanwhile, it is clearly observed that the addition of TiN on top could enhance the average 

absorption from 0.13 to 0.33 in the range from 1400 to 2000 nm. Fig. 2(c) shows the simulated 

absorption of each structure. It is clearly shown that a considerable part of light is absorbed in 

TiN instead of GeSn due to its high extinction coefficient. To be more precise, the light 

absorbed in TiN is twice more than that in GeSn. Approximately 25% of total light power is 

absorbed in bottom GeSn, leading to the generation of free carrier in GeSn.  

2.3 SBH measurement 

 
Fig. 3 (a) Current-voltage characteristic of TiN/GeSn Schottky diode. Red dash line represents the saturation 

current. Inset shows the cross-sectional structure of the device. (b) Band diagram of TiN/GeSn before and after 

junction formation. 

 

To uncover enhancement mechanism in flexible TiN/GeSn PDs, SBH of TiN/GeSn 

heterojunction was measured at room temperature. A Schottky diode was built with top 

TiN/GeSn Schottky contact and bottom GeSn/Au ohmic contact. The contact between GeSn 

and Au is confirmed as Ohmic, as shown in Fig. S1. The device was placed on Ti/Au deposited 
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Si wafer for the backside contact. Fig. 3(a) shows the current-voltage characteristic of 

TiN/GeSn Schottky diodes under dark condition. The saturation current was extracted to be 8 

µA. SBH can be calculated based on the following equation: 

2

lnB
B

s

k T A AT

q I

 
   

 
                                                              (1) 

where kB is the Boltzmann constant with value of 1.38 × 10-23 m2 kg s-2 K-1, T is the temperature 

in K, q is the electron charge, A* is the Richardson’s constant, A is the contact area in cm2, and 

Is is saturation current. The Richardson constant of Ge is 143 A/cm2K2 and the contact area is 

100 × 100 µm2.32 Therefore, SBH between GeSn and TiN was extracted to be 0.49 eV, which 

agrees well with other reported values.33,34 Fig. 3(b) shows the band diagram of TiN/GeSn 

heterojunction. The electron affinity and bandgap of GeSn with 8% Sn composition obtained 

from literatures are 4.0 and 0.60 eV, respectively.32 The SBH of 0.49 eV indicates that the 

TiN/GeSn PD can detect the light at wavelengths as large as 2.53 µm. The photodetection 

wavelength range is comparable or larger compared with other reported GeSn based PDs with 

similar Sn composition.35,36 

2.4 Photodetector characterization 

 
Fig. 4 (a) Dark current of flexible Ge, GeSn, and TiN/GeSn heterojunction PDs under flat condition. (b) Output 

current (i.e., photocurrent subtracted by dark current) as a function of the optical power at 1550 nm. The solid 

line represents a sublinear fitting of experimental data. (c) Spectral responsivity of flexible devices under flat 

condition at a bias of −2 V. Dotted line stands for various levels of external quantum efficiency. (d) Detectivity 

of flexible devices at a bias of −2 V.  
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The fabricated devices were characterized using a semiconductor parameter analyzer (Keithley 

2450). Fig. 4 shows the optoelectronic characteristics of flexible TiN/GeSn PDs under flat 

condition. As shown in Fig. 4(a), dark current of flat Ge and GeSn PDs were symmetrical, 

while rectifying behavior was observed from flat TiN/GeSn PDs. Rectification ratio of larger 

than 10 at 2/-2 V was obtained, proving that stable Schottky junction was formed between TiN 

and GeSn. Ideality factor was calculated to be 1.66 as shown in Fig. S2, which is resulted from 

the electron-hole recombination in the depletion region, current mechanism owing to the large 

number of surface states.9,37 This also explains the low rectification ratio shown in Fig. 4(a). In 

addition, the dark current density of TiN/GeSn PDs was calculated to be 28 mA/cm2 at -2 V, 

which is comparable to those of other reported GeSn p-n junction PDs,17,38 indicating high 

quality of the TiN/GeSn heterojunction. 

       Fig. 4(b) shows the output current as a function of various optical powers (i.e., 0.05, 0.28, 

0.48, 0.54 and 0.58 mW) at 1550 nm. The output current increased from 17 to 78 µA with the 

increasing optical powers from 0.05 to 0.58 mW due to the enhanced electron-hole 

generation.39,40 The relationship between output current and optical power can be expressed by 

the power law . The slope of sublinear fitting line was extracted to be 0.65, 

indicating that deep level defect states reduced the photo response.41 

We further characterized important figure-of-merits such as responsivity (R), external 

quantum efficiency (EQE), and detectivity (D*) to evaluate the optoelectronic performance. 

Responsivity is defined as the net photocurrent generated upon excitation of unit incident 

power. It can be calculated by the following equation 

photo dark

in

I I
R

P


                                                             (2) 

where Iphoto is the photocurrent, Idark is the dark current, Pin is the effective incident light power. 

EQE is defined as the number of effective photo-generated carriers upon excitation of per 

incident photon. It can be expressed with the following equation  

Rhc
EQE

q
                                                                       (3) 

where h is the Planck constant, c is the speed of light in vacuum, λ is the photon’s wavelength 

and q is the elementary charge. Detectivity is a commonly used parameter to assess the 

capability of the device to detect weak optical signal. For an ideal photodiode, noise in dark 

current is generally composed of thermal fluctuation and shot noise. Flicker or 1/f noise is 

excluded since its contribution is not significant for measurement conditions above 1 Hz. The 

photoI P
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thermal noise is described as  where k, T, and Rshunt are Boltzmann 

constant, absolute temperature, and shunt resistance, respectively.42 The shunt noise calculated 

by the first derivative of bias voltage to dark current near 0 V was 40, 117, and 660 kΩ for 

GeSn/TiN, GeSn, Ge PDs, respectively.43 The corresponding thermal noise is 6.3×10-13, 

3.7×10-13, and 1.6 ×10-13 A·Hz-1/2. The shot noise derived from was 4×10-

12, 1.8 ×10-12, and 1×10-12 A·Hz-1/2, respectively.42 The shot noise is one order magnitude higher 

than that of the thermal noise. Therefore, the shot noise is the dominant source to determine 

minimum detectable signal of the PDs at room temperature. Specific detectivity is calculated 

as44 

*

2 dark

AR
D

qI
                                                                  (4) 

where A is the effective light absorption area of the PD in units of cm2. Fig. 4(c) presents the 

responsivity and EQE of the flat devices in the wavelength range from 1400 to 2000 nm at a 

bias of - 2 V. The incident power was 0.25 mW. The responsivity of the Ge PDs was 

continuously decreased with increasing wavelength due to a reduction of the absorption 

coefficient of Ge.5 The responsivity of flexible GeSn PDs was enhanced from 11 to 30 mA/W 

at 1550 nm, which is attributed to band gap shrinkage from 0.66 to 0.6 eV of GeSn with 8% 

Sn content.27 The responsivity of flat TiN/GeSn PDs was further enhanced to 148.5 mA/W, 

corresponding to an EQE of 13% at 1550 nm. The responsivity is comparable or higher than 

those of GeSn PDs.25,45-47 Another significant enhancement is the ~180 nm extension of 

absorption coverage wavelength as indicated in arrows of Fig. 4(c), leading to the shift of cut-

off wavelength towards to longer wavelength. As shown in Fig. 4(d), the detectivity of flat 

TiN/GeSn PDs at 1550 nm was calculated to be 8×108 cm⸱Hz-1⸱W-1, which is eight times 

increase over that of flat GeSn PDs. Although the absorption layer of this flexible device is 

very thin, its detectivity is as good as those of other rigid GeSn PDs.48,49 In addition, it should 

exhibit fast photo-switching response time due to high mobility of single crystalline GeSn.8, 35, 

50-53 These results suggest that the formation of stable TiN/GeSn Schottky junction is 

responsible for the observed enhancement in various figure-of-merits of TiN/GeSn PDs. 

4thermal shuntI kT f R 

2shot darkI qI f 
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Fig. 5 (a) Raman spectra of GeSn membranes under flat and bent conditions. (b) Dark current of flexible 

TiN/GeSn PDs under flat and bent conditions. (c) Spectral responsivity of TiN/GeSn under flat and bent conditions. 

Dotted line stands for various levels of external quantum efficiency. 

 

We further investigated the influence of mechanical uniaxial strains on the performance of 

flexible PDs. Strain values applied in GeSn membranes were characterized by Raman 

spectroscopy (UHT S300 & WITEC) with a 532 nm incident laser (corresponding to a 

penetration depth of 20 nm in Ge) focused on a 1 µm diameter spot. Fig. 5(a) shows the Raman 

spectra of bulk Ge, GeSn membranes on PET under flat and bent conditions, respectively. The 

peak values were obtained by Gaussian fitting in the range from 285 to 315 cm-1. The peak of 

GeSn membranes was measured at 298.73 cm-1, which was 1.47 cm-1 red-shifted compared to 

the reference bulk Ge due to the Sn alloy.54 The peak was further red-shifted to 297.92 cm-1, 

corresponding to a uniaxial tensile strain of 0.30% along <100> direction.55 On the contrary, 

the Raman peak was blue shifted to 299.40 cm-1, proving that 0.25% compressive was applied.  

Fig. 5(b) shows the dark current of flexible TiN/GeSn PDs under flat and bent conditions 

at a bias range from – 2 to 2 V.  It should be noted that the dark current was stable under bent 

conditions, indicating that strain resulted in negligible influence on the electrical performance 

of devices, which is quite different from that of GeSn metal-semiconductor-metal (MSM) 

PDs.27 The major component of dark current is the carrier injection over SBH formed in the 

junction of TiN and GeSn. Tensile (compressive) strain could change the band structure of 

GeSn by moving down (up) its Г-conduction band. Our calculation based on 30 k.p band model 

indicated that uniaxial tensile strain reduced the bandgap by 13 meV, while compressive strain 

increased the bandgap by 8 meV.56 The influence of strain modulated bandgap of GeSn is 

negligible because the change value (i.e., (3% of the SBH)) is much smaller than SBH.  

Fig. 5(c) shows the measured responsivity of bent TiN/GeSn PDs. The responsivity at 1550 

nm increased from 149 to 218 mA/W with the tensile strain of 0.30%, while decreased to 102 

mA/W with the compressive strain of 0.25%. The bandgap of GeSn was reduced from 597 to 

584 meV with applied tensile strain, leading to enhanced absorption coefficient and higher 

responsivity. As discussed in Fig. 2(c), 25% of photocurrent was generated by photon excited 
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carriers in GeSn layer. Moreover, the change of absorption in TiN under strained condition is 

negligible due to its metallic property. Therefore, the modulation of the responsivity is 

attributed to the strain-induced changes in the absorption coefficient of GeSn. This should 

explain why the responsivity change modulated by strain is much smaller than that of GeSn 

MSM PD.27   

 

 
Fig. 6 (a) Normalized responsivity of the bent devices after 12, 24, 36, and 48 hours. (b) Responsivity of the 

PDs under 30 mm bending radius at 1550 nm after multiple bending cycles. 

 

Fig. 6(a) shows responsivity measured under bent condition after 12, 24, 36, and 48 hours. 

Small variation of the responsivity proves that the device has no obvious degradation under a 

long time uniaxial strain. The excellent durability of optoelectronic performance of the PDs 

was demonstrated after multiple mechanical deformations as shown in Fig. 6(b). The device 

was bent on the convex fixture for 1, 50, 200, and 500 times, respectively. The responsivity 

remained the same with acceptable deviations after multiple bending. 

 

3. Conclusion 

In summary, we have demonstrated a flexible sub-bandgap TiN/GeSn PD based on the hetero-

integration of single-crystalline GeSn membranes and plasmonic TiN. The FDTD simulation 

confirms that 30 nm TiN is able to enhance average absorption from 0.13 to 0.33 at the 

wavelength range of 1400 to 2000 nm. 0.49 eV of SBH is experimentally obtained at TiN/GeSn 

junction. Therefore, the responsivity at 1550 nm is greatly enhanced from 30 to 148.5 mA/W. 

In addition, the absorption coverage wavelength is red-shifted by 180 nm. Moreover, 0.3% 

uniaxial tensile strain further increases the responsivity to 218 mA/W, while 0.25% uniaxial 

compressive strain decreases the peak responsivity to 102 mA/W. Overall, the sub-bandgap 

absorption via TiN/GeSn provides a viable approach to achieve high-performance flexible 

group IV PDs with the extension of detection wavelength range.  
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4.   Methods 

Device fabrication: GeSnOI substrate with top 90 nm GeSn and middle 300 nm SiO2 was 

thoroughly cleaned by Acetone, IPA, and DI water with sonication. Etching hole array 

(diameter: 3 µm and diameter: 50 µm) was patterned on GeSnOI by chlorine (Cl2) RIE to etch 

down to buried oxide layer. Then, the sample was immersed in 49% HF for 2 minutes to 

completely remove the sacrificial SiO2 layer and therefore release GeSn membranes, which 

were transferred on SU-8 2002 coated 175 µm thick PET substrates. TiN with a thickness of 

30 nm was deposited on GeSn to form TiN/GeSn heterojunction by Evatec Cluster CLC200 

Sputterer. Finally, 30 nm thick Ni pads (width: 40 µm and length: 80 µm) were deposited on 

both TiN and GeSn using e-beam evaporator (Edwards Auto306).  

Optical characterization: The refractive index (n) and extinction coefficient (k) of TiN were 

measured by spectroscopic ellipsometer (J.A.Woolam Spectroscopic Ellipsometer). The 

absorption simulation was conducted by finite-difference time domain (FDTD) platform based 

on the real thickness of structures and extracted refractive and extinction coefficient of each 

layer. 

Device Characterization: The fabricated devices were characterized using homemade setup, 

including a semiconductor parameter analyzer (Keithley 2450), a microscope, a probe platform, 

and a tunable laser (MF12L2-InF3) with a wavelength range and a beam size of 1.4 to 2 µm 

and 100 µm, respectively. The strains applied by bending were evaluated by Raman 

spectroscopy (UHT S300 & WITEC) with a 532 nm incident laser focused on a 1 µm diameter 

spot. 
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