S X o P-N gt
Scanning Photo Current Microscopy
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Conductivity of Semiconductor by doping

« == Impurities (or doping) of semiconductor
—> affect the electrical, optical, and magnetic properties
» =4 doping (10%: 1, ~10 ppm) increases conductivity by factor of 103 (at R.T.)

Si
« Acceptor(3F &) : (p-type) \ / \ /
Si,Ge + B
(v) () / \ Accepto\ S

Excess hole

« Donor (5% &) : n-type
Si,Ge + P, As, Sb

(|V) (V) (arsenic) (antimony) \ / \/
/ @\ ./ donor

Excess electron from As atom

Si



Donor(&Z L) state

« Donor state: ML XA MK FEE

« Donor electrons move under Coulomb potential i between charges in the
medium (g: static dielectric constant)

> Energy level of extra electron is modified by donor
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Donor energy level

<H0{o| $4 ARt 23> _etm ey T8 0128 oux]
(Bohr hydrogen model) 2r2 ' lonization energy of hydrogen

» Extra electron from donor contributes to conduction, as it is ionized

« Donor energy level (= E,) : ionization energy of extra electron in dielectric
medium (&) (Si lattice)

e from Bohr model| e2 — e2/€ , M — mg (effective mass of el)
e*m, <13.6me

E, = —
@ De2h2
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Acceptor(% & E|) States

O{ME MALZ OIS 4 Ut ¥l X2 (D)

« Host material : Group 4 (Si, Ge)
Impurlty group 3 (B Al, Ga, In)

a A
/1/ acceptor ‘ CB
E,f—

"acceptor” : accepts an electron in med|um
induces a positive hole &

SI Si
posm\% hole — l V____acceptor level H51}F AHE 7H0| =25 04X
X |veoranm
SN 3.
Acceptor 1onization energy (E, = %% : (10~50 meV)

Sivs Ge (=117, €5,=15.8)
> M 20| M ksT=1.38 x 10-23(J/K) x (295K) ~ 26meV

AH 0|22} "Thermally ionization” of donor or acceptor
- important for the electrical conductivity



P-N junction band diagram
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P-N junction Diode » @

av_ e
- P-N junction Diode Equation | = [,(eksT — 1) on lghtly doped sids. 5 B S
P-type N-type
— —_— « . . " _: i o
. Iy GEISF LT “reverse bias saturation current”, | it L Rl
) L ) o— 0 00O [ e o o | o
the diode leakage current density in the absence of light; s sl ules & &
XM a0 =2 o Mo HHT (I, « 1,2 v
XA 720 s =0 HIEoll Bl 2B (7 o ny?) o
negative ions positive ions
- Diode Equation for Non-Ideal Diodes (H| O] & QI C}0| 2 E) .
qV I L 0.030 4
[ = Io(e"kBT — 1) —+ 1= enksT goozs
IO %0.023.
iOOZO-
n = ideality factor, a number between 1 and 2 which :
typically increases as the current decreases
. I qv 0.005
For forward bias, I > I ~ onkgT
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O voltage (V)
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Scanning photocurrent imaging
- local photoelectric effect in air

2t 2 1t photoelectric effect : RIS 0|M &

A &2Xt= S715 0| A = E: photoelectric effect
from pn junction measured by photocurrent
mapping

& = (usage): Ef FF& 2-At, pn-
Image sensor, & CHYoh &7
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Photocurrent map and confocal image
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Mxene-Si Solar Cell : fabrication process

Bare Si wafer cleaning

1. Acetone, Methanol, IPA, DI 15min (sonication)
2. BOE 5min / DI 5min 2times

3. DI washing many time

Bottom electrode deposition
- Ti/Pd/ Ag:50nm / 50nm / 90nm

Top coating

- BOE 5min / & Et Sio| £+=48F XA

- DI water(90°C)LH 0| M Lt S&AIZ / 2hr

- UV Z3}7| 0|8, 2027t O, treatment

- Spin coating (1step : 500rpm, 10s / 2step : 2000rpm, 60s)
- Heating 100°C 10min

Annealing (tube furnace)
- At 300°C tThr / Ar = 50 [sccm]

Top electrode deposition
- Cr/ Au:10nm / 90nm

Au : 90nm
Cr: 10nm
MXene
Sillicon oxide
N type Si
Ti : 50nm
Pd : 50nm
Ag
Ag Paste

PCB

Bias
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MXene synthesis

Al O|H o|Z p

by Etching MAX

S1

S2
e ‘

P : Precipitate
S : Supernatant

DI ¥t =
2AAIY

P2

-

FE|

0|2 MxeneO| Z4HE
DIQ} IPAE =%

a4
Condition
MAX Ti;AIC, 1g
Etchant HCl 30ml + LiF 1.98g
Etching time 24hour
Temperature 70°C
Etch RPM 300 rpm
218 (ph=7)
No Centrifuge RPM Time
1 S5min
2 5min
3 5min
Mxene S& 2|1t
No Time
4 Sonication Thr
Azt 24= WA
No Centrifuge RPM Time
5 Thr
Mxene Solution | %1}
No Centrifuge RPM Time
6 10min
7 10min

A
|= MXene DI
No
1 19 2ml
2 19 5ml




MXene deposition after sonication

No Sonication Sonication 30min Sonication 1hr




Solar cell measurement - 210708

MX in DI 6ml
ALLO; = 7cycle = 2f 9.8A Al,O; = 14cycle = 2F 19.6A
= = o Dark AuCI3 5mM = = o Dark AuCI3 5mM
0.030 [ =====illuminated AuCI3 5mM BN R 0.030 [ |e====illuminated AuCI3 5mM B
0.025 |~ = =Dark AuCI3 10mM IR 0.025 |~ = =Dark AuCI3 10mM L
—_ | e iluminated AuCI3 10mM : ; —_ | e iluminated AuCI3 10mM : |
g 0.020 e e e e e g 0.020 e
O I . | . . . . . . . O I
< 0.015 < 0.015
£ ' £ '
E 0.010 E 0.010
‘0 [ ‘0 [
g 0.005 - g 0.005 -
a 0.000 a 0.000
@ 0.005 E 0.005
5 5
a 0.010 - a 0.010 -
0.015 0.015
] e e e R S e 000 T T
1.0 0.8 06 0.4 0.2 0.0 0.2 04 06 0.8 1.0 1.0 0.8 06 0.4 -0.2 0.0 0.2 04 06 0.8 1.0
Voltage(V) Voltage(V)
[MX in DIl | ALO; | AuCl; V°§ V1 s [a] Jszn[]r;]A/ FF Efficiency [MX in DI | ALO, | Aucl V°§ V1 isc [A] Jsﬁna';']A/ FF Efficiency
6ml nm | 5mM | 03755 | 00168 | 186519 | 384932 2.6964 6ml 2nm | 5mM | 04819 | 00176 | 19.6004 | 35.6042 33628
6ml Tnm | 10mM | 03513 | 00164 | 182374 | 333097 2.1344 6ml 2nm | 10mM | 04854 | 00171 | 19.0241 | 325176 3.0031




Solar simulator measurement

No. SiO, growth [Mxene : DI] Voc [V] Isc [A] Jsc [mA/cm2] FF Efficiency
S1 2hr [1:2] 0.2546 0.0061 6.8141 17.6482 0.3062
S2 2hr [1:5] 0.2727 0.0121 13.4591 22.6547 0.8315
Local illumination measurement
Using PhotoCurrent microscope
SN210521, MX:DI=1:2/1:5
I 10— I T I I I
16 _"“""’ """"" 3"""'"“:'""""'""'"";’ """"" TR Y R R ;
14f - MX:Di=1g:2ml | i T )
12 [ =1 Dark ISR S N (45 S— . - :
= 10b  —stiuminatea .\ locally illuminated
% gh ,,,,,,,,, L A | 6
g b Saturatign due % 47
E 0 e’ t0-high--gurrent S
© oL N 2 - illuminated
o -4 _ ,,,,,,,,,,,,,,,,,,,,,,,,,,,, dark
e e 0
8L S /
O -2 - -
10 08 -06 04 -0.2 00 02 04 0.6 08 1.0 : : ] : I
1.0 0.5 0.0 0.5 1.0

Voltage(V)

V(V)




Ultra large area scanning with stability

MXene based solar cell with busbar electrodes
- 9 camera images are patched showing wide area: 600 um x 450 um

dedenn‘- -




Failure analysis: Degradation by Photon
irradiation

« MXene solar cell (thin layer diluted with 4ml DI water) 3rd image
(30min later)

50 x 38 um

4th image
(30min later)

50 x 38 um

15t image 2nd image

56 x 44 um 56 x 44 um

5th image
(30min later)
50 x 38 um




Failure analysis: defect on Si solar cell

confocal

PCM

defect causes low photocurrent Hidden Electrode
located below
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Degradation by Photon irradiation (Si vs MXene)

Si solar cell
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210708

Photocurrent near electrodes

= For thin MXene layer high photocurrent density degrades MXene
= Serious degradation at narrow current path



Current Profiling from asymmetric electrodes

No degradation
for thick MXene



High resolution photocurrent map
Images (MXene solar cells)

25 X 25 um? 26 x 21 um?

-'
.
-

13 x 12 um? 10 x 10 um?




2D materials based nano device

« Homo P-N junction with semi-floating gate device
L ™

I WSe, I
( hBN )
Au/Pd | ___graphene Au/Pd
( hBN

Sio,
210303 s1 G

/'4/ |

upper hBN

lower hBN




Isd

Transport measurement of P-N homojunction device

[ [ WSe, — |]
source | Gr | drain
I hBN )
SiO,
Si gate 210303 s1
4.0x107°
. Transfer curve Initial
3.5x107° _— -40Vg, UV on
3.0x10° - — 1day later
2.5x107°
2.0x107°
T Memory effect due to trapped
1.5x10° 1 charge on hBN
1.0x107°
5.0x10710
0.0 1
-5.0x10710 T T T T T

Isd

|-V curve

5.0x10°
0.0 - /
-5.0x107°
Diode behavior of

-8 _] . o
1.0x10 P-N junction
-1.5x107® +

— Initial

8 — -4OVg, UV on
-2.0x10°8
-2.5x10® T T T T T

-2 0 1 2
Vsd




Photocurrent images of Nano device
210303 s1 semi-floating(G) width:47um height:42um

lpn(UA)

MoS2/WSe2/hBN Heterostructure Reflective image

"," By, N
e

graphene graphene

Reflective Photo Current
bias 0.5v

Photo Current

./'\'\

| |
/
L

T T T T T T T
0 2 4 6
distance (um)

bias: 0.8 V

Photo Current



Images depending on bias voltages (V)

Vb:O‘2 V Vb: 05 V Vb: 08 V Vb: 09 V Vb: '05 V Vb: ‘08 V

PhoteCurrent Map u

Confocal image
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204 "
254 |4,
3.0 o
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outside
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Line by line [
plotting Current path
shifted after
repeated

measurements

lph(UA)

Vb = 08 V




Conclusion

 Scanning Photocurrent microscope can be utilized for
analyzing photoelectric devices like solar cell, P-N diode,
nano device, etc.

* Large scale uniformity test was demonstrated for MXene base
solar cell device.

* Nano scale P-N homo junction device was analyzed with
SPCM



