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Abstract

9

Local photocurrents are commonly measured by photoconductive atomic force microscope (PC-

10

AFM) which consists of standard conductive AFM (C-AFM) coupled with an external light source.

11

Here we demonstrate that even basic C-AFM setup without external light sources and equipped

12

with a built-in red laser aimed for AFM feedback loop is sufficient in order to measure local pho-

13

tocurrents of two dimensional (2D) materials. In this study, WS2 is taken as a test sample and

14

typical representative of transition metal dichalcogenide based 2D semiconductors. We consider

15

current-voltage characteristics and temporal response (current versus time) measured at single

16

point as well as 2D current maps. Measurements are always performed for two cases, the AFM

17

laser switched off and on, which correspond to dark and photocurrents, respectively. The special

18

attention is devoted to the measurements of dark currents since they have to be done with AFM

19

laser switched off. In that context, we demonstrate that only two-pass C-AFM provides stable scan-

20

ning and current mapping. Although the presented approach provides a simple way to measure lo-

21

cal photocurrents in 2D materials at the nanoscale, it inevitably has limitations which are discussed

22

in detail.

23
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25

Introduction

26

Photodetection is one of the basic operations of optoelectronic devices where an incident light is

27

transformed into an electrical signal - photocurrent. The photodetection is usually based on two

28

effects [1]. In the photoconductive effect, photocurrents are induced by the light with the energy

29

exceeding electronic band gap. Such light excites electron-hole pairs which are separated by exter-

30

nally applied bias voltage and which constitute photocurrent. On the other hand, in the photovoltaic

31

effect, the electric field needed for the separation of electron-hole pairs is not applied externally, but

32

it is provided by the internal field of p-n junctions.

33

Two dimensional (2D) materials and related van der Waals heterostructures are attractive for the

34

fabrication of a new generation of photodetectors [1-5]. The 2D materials are associated with a

35

broad range of energy band gaps and therefore they can provide photodetectors operating in a wide

36

spectral range, from far-and mid-infrared, to near-infrared, visible, and ultraviolet region. Since

37

they are atomically thin, the corresponding photodetectors are very compact. At the same time,

38

strong light-matter interaction in 2D materials enables very efficient photodetection. In addition,

39

2D materials are generally very elastic which allows design of flexible photodetectors.

40

2D photodetectors are commonly characterized by macroscopic I/V measurements. Still, in order

41

to further elucidate physics behind these devices, it is necessary to relate their optoelectronic prop-

42

erties with their structure and morphology. Therefore, microscopic characterization and measure-

43

ments of local photocurrents could bring novel insights about the influence of spatial variations in

44

2D materials on photodetectors’ performance. Scanning photocurrent mapping systems [6-9] allow

45

the measurement of spatial photocurrent maps of 2D materials, but the spatial resolution is deter-

46

mined by the size of a laser spot, that is by the diffraction limit. Since electrical properties of 2D

47

materials are strongly influenced by local inhomogeneities (grain boundaries, wrinkles, bubbles,

48

non-uniform thickness due to varying number of layers) [10-16] with nanoscale dimensions (far be-

49

low the diffraction limit), microscopic techniques with better resolution are needed. In conductive

50

atomic force microscopy (C-AFM) [17-19], a conductive AFM probe with nanometric dimensions,
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51

acts as a sharp and moveable electrode. It scans the sample surface in contact mode with simulta-

52

neously applied bias voltage. As a result, current maps are measured with the nanoscale resolution.

53

C-AFM has been successfully employed for the investigation of local electrical properties of

54

2D materials, graphene, transition metal dichalcogenides (TMDs) and related heterostructures

55

[15,16,20-35], as well as for studies of dielectric properties and breakdown of 2D insulators such as

56

hexagonal boron nitride [36-38]. Photoconductive AFM (PC-AFM) is a variant of C-AFM aimed

57

for studies of photoconductive materials [39,40]. Here, local photocurrent is measured while an

58

external light source is focused on the AFM tip-sample contact. This technique has been also used

59

in order to study the photoresponse of 2D semiconductors [41-45]. Interestingly, common C-AFM

60

setup (without any external light source) already contains an internal light source - AFM-feedback

61

laser. Therefore, even basic C-AFM setup is equipped with a light source which can be strong

62

enough to induce photocurrents as already observed on bulk semiconductors and nanostructures

63

[46-50] and recently on 2D/3D heterostructure made from graphene and silicon [51].

64

The aim of this paper is twofold. First we demonstrate that basic C-AFM setup equipped only with

65

a red AFM-feedback laser is efficient tool for the measurement of local photocurrents of 2D TMDs

66

with the nanoscale resolution. This is illustrated by measuring local I/V curves and temporal re-

67

sponse (curent versus time) at single point, as well as by measuring current maps of WS2 , selected

68

as a typical representative of TMD based 2D semiconductors. The main issue with this approach

69

is how to measure dark current. The answer on this question is the second aim and we demonstrate

70

two methods: 1. C-AFM with switched off AFM-feedback laser and inactive feedback loop, and 2.

71

C-AFM realized as a two-pass technique.

72

Results and Discussion

73

AFM laser adjustment

74

Optical images (the top view) of the AFM cantilever above WS2 flake with the AFM laser switched

75

on and off are displayed in Figs. 1(a) and 1(b), respectively. In a standard configuration, the AFM

76

laser is focused onto the AFM cantilever and further reflected back onto four-segment photodiode.
3

77

Since the cantilever covers the AFM tip, it prevents focusing of the laser light at the tip-sample

78

contact. Still, as can be seen from Fig. 1(a), a significant part of the laser light is randomly scat-

79

tered around the cantilever and falls down onto sample surface [48]. The red AFM laser operates at

80

650 nm which corresponds to the energy of around 1.9 eV. This energy is larger than the band gaps

81

of most frequently used TMDs, MoS2 , MoSe2 , WS2 , WSe2 , [52-54], which are most promising

82

2D semiconductors for photodection [1-5,52,54]. Therefore, the red light scattered from the AFM

83

cantilever can excite electrons from the valence to the conduction band of WS2 considered in this

84

study. If the mean free path of photo-induced charge carriers is larger than the distance between

85

the AFM tip and the point where the scattered light falls onto the WS2 surface, photocarriers could

86

reach the AFM tip and constitute photocurrent.

Figure 1: The top view of the AFM cantilever with the red AFM laser switched (a) on and (b)
off. The image also displays WS2 grown on SiO2 /Si substrate. The electrical contact to the WS2
flake was made by silver paste depicted at the top-right corner. (c) Temporal response of the current measured by the AFM tip during the AFM laser adjustment. The applied bias voltage was 5 V.
87

In addition to the internal AFM laser, our AFM system is equipped with a white-light LED lamp

88

commonly used for the illumination of AFM cantilever and sample. Although this is an external

89

light source, it is an integral part of most AFM systems. Therefore it was also considered as a light

90

source in this study. When both light sources, the AFM laser and lamp, are switched on, the total
4

91

current consists of three terms: 1. dark current 𝐼dark which stands for the current measured with-

92

out any light source, 2. the photocurrent induced by the LED lamp 𝐼lamp , and 3. the photocurrent

93

induced by the AFM laser 𝐼laser .

94

Prior to common AFM measurements, the AFM laser should be focused onto the cantilever so

95

that the intensity of the reflected light on the four-segment photodiode is maximized. On the other

96

hand, if the AFM is intended as a light source for photoconductive measurements, the procedure

97

for the AFM laser alignment should be modified. In our study, as a first step, the intensity of the re-

98

flected laser light falling onto the four-segment photodiode was maximized as usually done. Then

99

the AFM tip approached the sample surface in contact mode and bias voltage was applied to the

100

sample. Since the aim was to maximize photocurrent, it was necessary to maximize the light ran-

101

domly scattered around the AFM cantilever. For that purpose, after the approach, the whole plat-

102

form with the AFM chip and cantilever was moving laterally, while changes of the current through

103

the AFM tip were being followed simultaneously in a real time. The movement of the AFM can-

104

tilever corresponds to relative motion of the AFM laser. Typical results of the adjustment proce-

105

dure are depicted in Fig. 1(c) showing variations in photocurrent during the lateral movement of

106

the AFM cantilever. The optimal position of the AFM cantilever (AFM laser) is the one which

107

gives the maximal photocurrent. As can be seen from Fig. 1(c), the final current (around 2 nA)

108

is doubled the initial current (around 1 nA). Since the dark current and photocurrent induced by the

109

LED lamp are constant and independent on the position of the AFM cantilever (its relative position

110

to the AFM laser), by maximizing the total current, we maximize the photocurrent induced by the

111

AFM laser.

112

Large current oscillations observed in Fig. 1(c) stem from the movement of the AFM laser. The

113

intensity of the reflected light on the four-segment photodiode is then continuously varying. Since

114

this is the input signal for the AFM feedback loop, its variations inevitably cause instabilities in

115

the vertical position of the AFM tip (sample) thus resulting in current oscillations. They cannot be

116

avoided, but in order to minimize the observed instabilities, the lateral movement of the AFM chip

117

should be done slowly.
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118

In addition to photocurrent measurements, the characterization of photoconductive materials re-

119

quires measurements of dark current. This is straightforward in systems with an external light

120

source since in that case, it is just necessary to switch off the external light. However, dark cur-

121

rent measurements are not trivial if the AFM laser is used as a light source. Namely, the main issue

122

when the AFM laser is switched off is how to provide stable vertical position of the AFM tip (in

123

fact, the vertical position of the scanner, since our system is based on scanning by a sample, there-

124

fore, the AFM tip is fixed, while the scanner holding the sample is moving both in lateral and ver-

125

tical direction). When the AFM tip is in contact with a sample, the AFM cantilever is bended and

126

its deflection is regulated by the set point SP0 which regulates the normal force applied by the tip.

127

If the AFM laser is switched off, the control system interprets this as an abrupt drop of the deflec-

128

tion signal from SP0 to zero. Then the control system will try to reestablish the predefined set-point

129

(deflection of the AFM cantilever) by moving the scanner (with the sample) up, toward the AFM

130

tip. Since they were already in the contact, further vertical movement of the sample will cause

131

a crash and tip damage. In order to avoid this scenario, before the AFM laser is switched off, we

132

first turn off the feedback loop by setting all gains of the feedback-loop amplifier to zero. Then, the

133

AFM feedback loop is inactive while the vertical position of the AFM scanner is fixed.

134

Single-point measurements

135

Temporal response

136

Current measured by C-AFM at single point as a function of time is illustrated in Fig. 2(a). The

137

current intensity was controlled by switching light sources, while the temporal response was mea-

138

sured with AFM feedback loop turned off (feedback gains set to zero). At the initial moment, both

139

the AFM laser and lamp were switched on and the resulting current was 𝐼0 . At 𝑡 ≈ 10 s, the lamp

140

was switched off and the current decreased to 𝐼1 . Finally, at 𝑡 ≈ 20 s, the laser was switched off as

141

well, and the current felt down to 𝐼2 . The current measured without any light source is dark current

142

𝐼dark = 𝐼2 . Difference 𝐼laser = 𝐼1 − 𝐼2 corresponds to the photocurrent induced by the AFM laser.
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143

Finally, the photocurrent generated by the lamp is equal to the difference between the total current

144

and the sum of the dark current and the photocurrent induced by the AFM laser, 𝐼lamp = 𝐼0 − 𝐼1 .

Figure 2: (a) Temporal response of the switching process: current through the AFM tip (measurements at single point) as a function of time and for different status of light sources, the AFM laser
and LED lamp. (b) Current evolution during single switching cycle. The applied bias voltage was
5 V.
145

For 𝑡 > 20 𝑠, the graph in Fig. 2(a) illustrates several cycles where the current was modulated be-

146

tween two levels, 𝐼1 and 𝐼2 , which was achieved by switching the AFM laser on and off (the lamp

147

was switched off). As can be seen, the switching process was well controlled. Still, current 𝐼1 de-

148

creased with time, which is obvious if we compare the intervals 10-20 s and 80-85 s, where the

149

measured current was 𝐼1 ≈ 1.3 nA and 𝐼1 ≈ 1.1 nA, respectively. The decrease of 𝐼1 was an en-

150

during process and almost linear with time which indicates slow but continuous degradation of tip-

151

sample contact. This was not surprising since the measurements were done with inactive feedback

152

loop (further discussion given in section where the photocurrent mapping by single-pass C-AFM

153

is analyzed).
7

154

In order to better emphasize temporal dynamics of the switching process, single cycle is zoomed

155

in Fig. 2(b). As can be seen, the current profile is associated with rise and fall times when the laser

156

is switched on and off, respectively. The rise (fall) time can be defined as a time interval where the

157

current rises (falls) from 𝐼1 to 𝐼2 (𝐼2 to 𝐼1 ) when the laser is switched on (off). The current within

158

these time intervals changes exponentially. This is illustrated for the fall time in Fig. 2(b), where

159

the current was fitted by an exponential function 𝐼2 + (𝐼1 − 𝐼2 )exp(−(𝑡 −𝑡0 )/𝜏), where 𝑡0 corresponds

160

to the moment (around 34 s) when the laser was switched off, whereas 𝜏 is a time constant. 𝜏 was

161

determined by the fitting and it was in the range 150 − 200 ms. Usually, the fall time is explained

162

as a result of the photogating effect [55-58]. Namely, charge carriers in 2D materials are trapped

163

by molecules adsorbed on or beneath 2D layers. As a result, recombination of the charge carriers

164

is prolonged while the time required for the switching off (the transition from 𝐼2 to 𝐼1 ) is extended.

165

Although number of trapped molecules strongly depends on environmental conditions (humidity,

166

air or vacuum, bare or encapsulated 2D layers), the obtained values for the fall time were similar to

167

those measured for MoS2 based photodetectors [55].

168

Local I/V curves

169

I/V curves measured at single point of WS2 flake and for the AFM laser switched on and off are

170

presented in Fig. 3. During the measurement, the LED lamp was switched off, while the AFM

171

feedback loop was inactive. I/V curve measured for the laser switched off represent dark current.

172

On the other hand, the current measured for the laser switched on is significantly enhanced, while

173

the voltage threshold is reduced (from ∼ 6 V for the laser switched off to ∼ 2 V for the laser

174

switched on). The photocurrent as a function of bias voltage can be obtained as a difference be-

175

tween two curves.

176

It is well known that I/V measurements of 2D materials strongly depend on environmental condi-

177

tions [59,60]. In order to illustrate this issue, the inset of Fig. 3 displays I/V curves measured in

178

five successive cycles (each of them consists of forward and backward sweep direction) for both

179

laser switched on and off. As can be seen, the curves exhibit a hysteresis in both cases. This is usu-

180

ally observed in I/V measurements done at ambient conditions, mainly due to various adsorbed
8

Figure 3: Selected I/V curves for the AFM laser switched on and off. All I/V curves measured in
five successive cycles during sweeping bias voltage from negative to positive values and vice versa
are presented in the inset.
181

molecules which act as trapping centers [59,60]. At the same time, the photogating effect can also

182

contribute to the observed hysteresis [55-58,60]. Although the hysteresis and its origin are outside

183

the scope of this manuscript, their influence on measured dark and photocurrents can not be ne-

184

glected. As a result, both dark and photocurrents should be defined in a certain range around an

185

average value. For example, at 7 V, the measured dark current is ∼ 0.45 ± 0.25 nA, while the cur-

186

rent measured for the laser switched on is ∼ 2.1 ± 0.6 nA.

187

Current maps

188

Temporal response and I/V curves analyzed in the previous sections were measured at single point.

189

The next step was to use C-AFM and scan the surface of WS2 flakes in order to obtain 2D pho-

190

tocurrent maps. Two approaches are studied here based on single- and two-pass C-AFM.

191

Single-pass C-AFM

192

Single-pass C-AFM measurements were done in a similar way as previously measured temporal

193

response and I/V curves, but with additional scanning in contact mode. Therefore, prior to C-

194

AFM measurements, the feedback gain was set to zero and the feedback loop was inactive. This

195

prevented any uncontrolled vertical movement of the AFM scanner and allowed safe dark current

9

196

measurements done with the AFM laser switched off. Photocurrent maps were standardly obtained

197

with the AFM laser switched on.

198

The current maps measured in forward and backward scan directions are depicted in Fig. 4(a). The

199

status of light sources is indicated on the right hand side. The current mapping was started from

200

the top, with the vertical direction as a slow-scan axis. The characteristic current profile along the

201

vertical dashed line (for the current map measured in the backward direction) is displayed in Fig.

202

4(b). As can be seen, the current map consists of six stripes (1-6) which correspond to three char-

203

acteristic current levels 𝐼0 , 𝐼1 , 𝐼2 standing for dark current 𝐼dark = 𝐼2 , photocurrent induced by

204

the AFM laser 𝐼laser = 𝐼1 − 𝐼2 , and photocurrent generated by the lamp 𝐼lamp = 𝐼0 − 𝐼1 . The first

205

four stripes 1-4 (from the top) correspond to the sequence 𝐼2 → 𝐼1 → 𝐼2 → 𝐼1 . Here the AFM

206

laser was switched off-on-off-on, respectively, while the LED lamp was permanently switched off.

207

Therefore, the difference between two current levels corresponds to the photocurrent induced by

208

the AFM laser 𝐼laser . In the fifth sequence, the lamp was switched on as well, which resulted in the

209

maximal current level 𝐼0 .

210

The presented results illustrate that basic C-AFM setup with red AFM laser is enough in order to

211

map dark and photocurrents in TMD based 2D semiconductors. Still, single pass measurements are

212

associated with current oscillations which increase with time. They are represented in the current

213

profile in Fig. 4(b). As can be seen, the current is smooth at the beginning of the scanning, in do-

214

mains 1-4 (for small distance along slow-scan axis), but the oscillations become more pronounced

215

with time, in domains 5 and 6 (for larger distance along slow-scan axis). This effect is further il-

216

lustrated in Fig. 4(c) with current profiles from the second and sixth stripes (dotted lines 1 and 2,

217

respectively, from the current map in 4(a) measured in the backward direction). In both cases, the

218

AFM laser is switched on, but current oscillations are much more pronounced in the sixth stripe

219

(line 2) which was measured several minutes after the second stripe.

220

The observed current oscillations appear due to fixed sample height without automatic control of

221

the tip-sample distance. As a result, the tip-sample contact is not stable and current oscillates. At

222

the beginning of the scanning, the contact is well defined since the sample height is defined by the
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Figure 4: Single-pass C-AFM: (a) current maps measured on WS2 flake in forward (left to right)
and backward (right to left) scan directions, (b) current profile along vertical dashed line from the
map in (a) (measured for the backward direction), and (c) current profiles along dotted lines 1 and 2
from the map in (a) (measured for the backward direction). The applied bias voltage was 5 V.
223

set-point used for the AFM tip approach, when the AFM feedback loop was still active. However,

224

moving apart from this starting point and as time passes, the tip-sample contact degrades since any

225

slope of the sample surface or local deviations in morphology such as holes or protrusions modify

226

tip-sample interaction. Finally, too large deviations in the sample height could prevent safe scan-

227

ning and result in severe damage of the AFM tip due to uncontrolled tip-sample force.

228

Single-pass C-AFM measurements are obviously feasible on samples with a relatively smooth sur-

229

face. 2D materials certainly fall into this group, although they are usually associated with residues

230

appeared during fabrication process, bubbles formed during transfer on a desired substrate, and var-

231

ious adsorbates from environment. Still, different procedures for post-fabrication treatments and

11

232

cleaning have been developed and can be applied prior to C-AFM measurements in order to make

233

surface of 2D materials as flat as possible. In addition, the intrinsic slope of underlying substrate

234

(here SiO2 /Si) should be taken into account. In standard measurements, its effect is canceled in a

235

real time by the work of AFM feedback loop and by image post-processing, for example by plane

236

correction in order to subtract constant sample slope. Still, in the case of single-pass C-AFM with

237

inactivated feedback-loop, the intrinsic substrate slope limits the sample area where scanning is

238

stable and safe.

239

In addition to observed current oscillations and instabilities, another drawback of single-pass mea-

240

surements is that topographic measurements are not feasible. The height signal, or more precisely,

241

the signal obtained from the height channel, which was measured simultaneously with the pre-

242

vious current maps, is displayed in Fig. 5(a). Bright contrast (maximum) in the middle and dark

243

contrast (minimum) at corners indicate parabolic function. The parabolic dependence of the mea-

244

sured signal is further illustrated in Fig. 5(b) showing a three dimensional profile and Fig. 5(c)

245

with profiles along x- and y-axis. The situation when the feedback loop is turned off corresponds

246

to the scanning at a constant height, where the AFM tip is fixed, while the sample (scanner) is just

247

moved laterally with fixed vertical height as schematically illustrated in the inset of Fig. 5(c). In

248

this case, measurable quantity is proportional to the deflection of the AFM cantilever which is pro-

249

portional to the tip-sample interaction force, but not to sample topography. The parabolic profile

250

of the measured signal indicates that the interaction force is maximal in the middle and decreases

251

as sample is moved to left or right. Namely, the lateral movement of the scanner with fixed height

252

(fixed bias voltage responsible for the vertical extension/contraction of the scanner) corresponds to

253

the contraction of the scanner tube at one side and extension of the tube at the other side, and vice

254

versa (schematically illustrated in the inset of Fig. 5(c)). As a result, the scanner tube scans along a

255

parabola and not along a flat line. Then the tip-sample distance increases when scanner tube moves

256

toward edges of predefined scan area, which leads to decreased interaction force.
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Figure 5: Signal which corresponds to tip-sample interaction force, obtained from the height channel and measured simultaneously with the current maps in Fig. 4(a): (a) two dimensional map, (b)
three dimensional profile, and (c) one dimensional profiles along dashed lines in (a). The inset in
(c) schematically depicts scanner movement along a parabola and not along a flat line.
257

Two-pass C-AFM

258

In order to overcome limitations of single-pass C-AFM, photocurrent measurements based on two-

259

pass C-AFM were also analyzed. In the first pass, the AFM laser was switched on and the feedback

260

loop was active. The scanning was done in contact mode while topography and photocurrent were

261

measured simultaneously. Then, in the second pass, the AFM tip went along the same topographic

262

line measured in the first pass. It should be emphasized that the tip was not lifted during the sec-

263

ond pass as commonly done in other two-pass techniques, such as Kelvin probe force microscopy

264

and magnetic force microscopy, in order to avoid van der Waals interaction between the AFM tip

265

and sample surface. Therefore, in the second pass, the tip was still in contact with WS2 . Still, the

266

difference compared to the first pass was that the AFM laser was switched off which allowed dark

267

current measurements.

268

The current maps measured in the first and second pass are depicted in Figs. 6(a) and 6(b), re-

269

spectively. They correspond to previously defined current levels 𝐼1 (AFM laser switched on, lamp

270

switched off) and 𝐼2 (AFM laser switched off, lamp switched off), respectively. Histograms of two

271

current maps in Fig. 6(c) reveal two peaks while their difference stands for an average photocurrent

272

induced by the AFM laser 𝐼laser = 𝐼1 − 𝐼2 .

273

Photocurrent induced by the LED lamp was measured in a similar way. After the first pass where

274

both the laser and lamp were switched on, in the second pass, the laser was switched off, the lamp
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Figure 6: Two-pass C-AFM with the AFM laser switching (the LED lamp switched off): (a) current map measured in the first pass with the AFM laser switched on, (b) current map measured in
the second pass with the AFM laser switched off, and (c) histograms of the current maps from (a)
and (b). Two-pass C-AFM with the LED lamp switching (the AFM laser switched off): (d) current map measured in the second pass with the AFM lamp switched on and (e) histograms of the
current maps from (b) and (d).
275

stayed switched on, while the scanning was repeated along same topographic lines without lifting

276

of the AFM probe. The current map measured in the second pass and corresponding histogram

277

are given in Figs. 6(d) and 6(e), respectively. The measured current represents level 𝐼10 equal to the

278

sum of dark current and photocurrent induced by the lamp (in previous notations, 𝐼1 stands for a

279

photocurrent obtained for AFM laser switched on and lamp switched off, here the situation is in-

280

verse and this is the reason why the prime sign was added). Difference between 𝐼10 and dark current

281

(measured in the second pass from the previous case in Fig. 6(b)) stands for an average photocur-

282

rent generated by the lamp 𝐼lamp = 𝐼10 − 𝐼2 .
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283

Although dark current measurements in the second pass are done with inactive feedback loop, sta-

284

bility of the measurements are provided by the scanning along a predefined path defined by the

285

surface topography recorded in the first pass. Still, the mapping of dark current in the second pass

286

depends on scan velocity. This issue is visible as a slightly brighter contrast in the current maps on

287

the left hand side of Figs. 6(b) and 6(d) which indicates enhanced current. In order to further ex-

288

plore this issue, Fig. 7(a) displays the dark current measured in the second pass for the AFM laser

289

switched off and with varying scan velocity. The scanning was done from the left to right with the

290

slow scan axis along the vertical direction. The scan velocity was decreasing from the top to bot-

291

tom of the scan area within four horizontal stripes (indicated in Fig. 7(a)) in the following way:

292

7.5 𝜇m/s (0.67 s per line), 5 𝜇m/s (1 s per line), 2.5 𝜇m/s (2 s per line), 1 𝜇m/s (5 s per line).

293

As can be seen, the current enhancement on the left hand side is less pronounced for slower scan-

294

ning. This is further illustrated in Fig. 7(b) depicting average current profiles recorded for different

295

scan velocities. The current has a maximum at the left hand side and then slowly decreases with

296

a distance (toward the right hand side), while the slope (the absolute value) of the current profiles

297

decreases for lower scan velocity.

298

Points at the left hand side correspond to the transition from the first to the second pass and the

299

switching the AFM laser off. As we have already observed in Fig. 2, the temporal response of the

300

switching process is associated with a certain fall time (in the order of hundreds of miliseconds)

301

due to the photogating effect and prolonged recombination of trapped charge carriers. The profiles

302

in Fig. 7(b) with descending current illustrate the same thing. As scan speed decreases, the ratio

303

between the fall time and the time needed for single scan line decreases as well. As a result, the

304

current profile measured for 1 𝜇m/s is almost a flat line. Another way to overcome this issue is to

305

record current in the backward direction of the second pass which gives the system more time to

306

enter into saturation.

307

Two-pass technique provides stable scanning since the AFM feedback loop is active and topo-

308

graphic measurements should be straightforward in principle. Still, the measurements of 2D ma-

309

terials in contact AFM mode are associated by tip-induced moving of adsorbates [61] and/or sur-
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Figure 7: Dependence on scan velocity in two-pass C-AFM: (a) current map measured in the second pass with the AFM laser switched off and for different scan velocities, and (b) current profiles
for different scan velocities. Every profile in (b) was obtained by averaging all profiles within a
rectangular domain with indicated velocity in (a).
310

face flattening [16,62]. Figure 8(a) illustrates topography of WS2 surface measured in the first pass.

311

The array of bright lines appeared due to the moving of adsorbates from the WS2 surface by AFM

312

tip. After they had been partially removed in the first pass, they were less pronounced in the sec-

313

ond pass as illustrated in Fig. 6(b). At the same time, the interaction between the AFM tip and ad-

314

sorbates during C-AFM imaging could potentially lead to instabilities in current measurements as

315

well. In that case, prior to C-AFM measurements, procedures for surface cleaning of 2D materials

316

should be applied.
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Figure 8: Morphology of WS2 surface measured by two-pass C-AFM: (a) the first pass and (b) the
second pass.
317

Discussion

318

The previous analysis demonstrates that C-AFM with red AFM laser employed as a light source is

319

efficient tool for photocurrent measurements of 2D materials at the nanoscale. The presented meth-

320

ods are applicable in nanoscale studies of other semiconductors as well (not strictly 2D materials).

321

Although simple, this approach has some inherent drawbacks and limitations. First, it is applica-

322

ble only for materials with a bandgap 𝐸 bg similar or below the energy of the AFM feedback laser

323

𝐸 laser : 𝐸 bg ≤ 𝐸 laser . As a result, AFM systems with red laser can be used for photocurrent mea-

324

surements of 2D materials with bandgaps below ∼ 2 eV. TMD based 2D semiconductors, with a

325

bandgap in the 1-2 eV range [52-54], obviously fall into this group. Still, measurements of wide-

326

bandgap (larger than ∼ 2 eV) 2D semiconductors would not be possible. The bandgap threshold is

327

further reduced in AFM systems with infrared feedback laser which makes these systems not suit-

328

able for photocurrent measurements using internal AFM laser.

329

While red AFM laser facilitates measurements of photocurrents, it makes difficult dark current

330

measurements. Namely, such measurements have to be done with the AFM laser switched off

331

which is not straightforward task as discussed above. Otherwise, if the AFM laser is switched on,

332

the measured current inevitably comprises both dark and photocurrent. This should be taken into

333

account in all C-AFM measurements of narrow-bandgap 2D semiconductors using AFM systems

334

with red feedback laser. The same issue with dark current measurements will appear also in pho-

335

tocurrent measurements based on PC-AFM with external light sources (in the AFM systems with
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336

red feedback laser). In this case, dark current measurements should be done according to proce-

337

dures described in this study.

338

Single point measurements done with inactive AFM feedback loop give reasonable results. They

339

include temporal response and I/V curves measured at single point and for relatively short time

340

period in the order of several seconds to tenths of seconds. Within this period, the contact between

341

the AFM tip and sample stays relatively stable which provides reliable measurements of both dark

342

and photocurrents. On the other hand, current mapping requires sample scanning and takes more

343

time, in the order of several minutes. As demonstrated in Fig. 4, in the case of single-pass C-AFM

344

done with inactive AFM feedback loop, the stability of current measurements degrades with time

345

(also distance covered by AFM probe) resulting in significant current oscillations. On the other

346

hand, two-pass C-AFM provides more stable results. Namely, photocurrents are measured with

347

active AFM feedback loop, while during dark current measurements, AFM tip follows predefined

348

path, measured in the first pass, which provides stable AFM tip-sample contact.

349

The presented measurements are based on switching AFM laser on and off. The frequency of the

350

switching is not negligible in two-pass measurements. Therefore, if such measurements are go-

351

ing to be performed for long periods, care should be taken about lifetime of the laser and possible

352

degradation of its performance. In our setup, currently there is no possibility for changing the out-

353

put power of the AFM laser. Therefore, responsivity as a ratio between a photocurrent and input

354

optical power cannot be measured.

355

Efficiency of photocurrent measurements based on AFM feedback laser was tested with top-visual

356

conductive AFM probes (Pt coated VIT-P/Pt probes from NT-MDT) as well. Since their tip is not

357

covered by the cantilever, we expected more light to be scattered around tip-sample contact and

358

larger photocurrents. Two-pass C-AFM was used for the test, while prior to the measurements,

359

the AFM laser was adjusted so that the photocurrent through the AFM tip was maximized, as de-

360

scribed in section . Still, the ratio between average photocurrent and dark current 𝐼laser /𝐼dark was

361

practically the same as the ratio obtained with standard AFM probes. Therefore, we could not

362

achieve photocurrent enhancement with top-visual probes.
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363

Conclusions

364

In a summary, local photocurrents in 2D materials with a bandgap below ∼ 2 eV can be efficiently

365

measured with basic C-AFM setup, equipped with red AFM laser which is also used as a light

366

source. The laser spot on the AFM cantilever should be adjusted so that the light scattered from the

367

cantilever is maximized which gives the maximal current through the AFM tip. Photocurrent mea-

368

surements are then routinely done since the AFM laser is switched on, while the AFM feedback

369

loop is active. On the other hand, the main issues with this approach are dark current measure-

370

ments which have to be done with the AFM laser switched off and inactive AFM feedback loop.

371

Our results shows that single-point measurements of I/V curves and temporal response can be con-

372

trolled sufficiently well even for the AFM laser switched off. Still, in order to maintain a stable cur-

373

rent mapping on extended areas and for prolonged time periods, two-pass C-AFM is a prerequi-

374

site technique. Dark current is then measured in the second pass with the AFM laser switched off,

375

while the AFM tip is moving along a trajectory defined by the topography line measured in the first

376

pass, when the AFM feedback loop is active. The presented measurements methods are general and

377

can be applied for other semiconducting materials as well.

378

Experimental methods

379

WS2 layers were grown by chemical vapour deposition on SiO2 /Si substrate as described in our

380

previous paper [16]. The electrical contact needed for C-AFM measurements was made simply by

381

a silver paste (Figs. 1(a) and 1(b)). C-AFM measurements were done using Ntegra Prima system

382

from NT-MDT and platinum coated probes CSG10/Pt from NT-MDT. During C-AFM measure-

383

ments, the bias voltage was applied to WS2 flake. The scanning was done in contact mode with

384

simultaneous current measurements. I/V curves were measured at single points by sweeping bias

385

voltage in the range ±10 V. Temporal response was obtained by measuring current as a function of

386

time (at single point as well) using built-in oscilloscope.

387

Internal AFM laser is used as a light source during C-AFM measurements. It is a standard part of

388

the AFM feedback loop which controls tip-sample interaction. Ntegra Prima system is equipped
19

389

with a red laser operating at 650 nm with a power of ∼ 0.5 mW. AFM systems are commonly

390

equipped with an additional (external) light source, a lamp which is used in a combination with a

391

CCD camera in order to make visible AFM cantilever and sample surface (as illustrated in Figs.

392

1(a) and 1(b)). In our system, white-light LED lamp coupled with 10x objective gives an average

393

optical power of ∼ 0.5 mW (0.32 mW at 650 nm, 0.52 mW at 533 nm, and 0.67 mW at 488 nm).

394
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