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Table 1.  Calculated energy gap and lattice parameters of
bulk black phosphor using different cut-off energies and
different & points considering or disregarding spin polariza-

tion.

28
HRITRE 5 ke /A0 E e
E/eV  o/A  b/A /A
300 eV/2 x 2 x 2 0.603  3.162 12399 4.809
300 eV/3 x 3 x 3 0.358  3.348 11.195 4.549
320eV/3 x 3 x 3 0.455  3.342 11.418 4.588
400 eV/3 x 3 x 3 0.490  3.340 11.466 4.598
300eV/4 x 4 x 4 0.113  3.239 11.324 4.597
HUHTRES kil /A0 1 i
E,/eV  a/A b/A c/A
280 eV/3 x 3 x 3 0.178  3.350 11.137 4.485
300eV 3 x 3 x3 0.343  3.370 11.103 4.515
320eV/3 x 3 x 3 0.239  3.346 11.277 4.501
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CH,O/BP: Alp) 3 51E X N
FEx (BP or CH,O/BP : Py)
= By (BP or CH;O/BP : Py)
— By (BP or CH,O/BP) + E(P), (1)

Ef (BP or CHQO/BP : Alp)
= Eyo (BP or CH,O/BP : Alp)
— Ey (BP or CH,O/BP) — E (Al) + E (P). (2)

X TS AT AL 2 BRI E DL, P &S fi-Al 24
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i) BP 5{ CH,O/BP H.&6E; B, (BP or CH,O/BP)
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Alp +Py) ZRIBE—A P 23 fl—4~ Al B 24%)5R
1 BP 8¢ CH,O/BP 1 & fig. E(Al), E(P) /&4
J& Al FUBBEHA B D —A P TR RS
R INEE E,q 7T LARIR A
By =[E0i(BP) + Ei(CH20)] — Eii(CH20/BP), (4)
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F7nl BP KW R Y RS 731 Bl e i Q D H
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S IR 1 AR D PR SR BT > A
bR A R TAT I, W82 M4 R 2 K A i fer A B 7%
TG SR . B S F o 52 SR
B B, ZIHSCH N 28
o = AT®? exp [~ Ey/(2kT)], (6)

Hop AR E TG, K IURBURZE 2 WEL

3 BREH
3.1 SR

FR R FIB A= I A7 TE 23 5 i SR B 1 A 184,
SNSRI R ENE. % 2 AT BP & CH,O/BP
RRAAE P 2300, ALIBZR . 3 P 25 (-Al 8200 11
B IE B BE. AN 3R 2 0T LLE ) SRR P R
A BB IR BN —A P S MNEXRSEHE; B
e 2 -2 6 FEERIOE B AL R B 40, (HLEL
BAMIE R P 2345 5. X CH,O/BP AR, JB
WAB % | 23 (B AR -2 AR L BP 28 5. MR,
T ik e s 48 s 2 T R A AR PR T T B
(FH T 24 R BLFATE B AE M IE (CH,O/BP 1R % Al %5
RIABAERIL)).

# 2 BP X CH,O/BP W fE7E P %5 ALB I P &5
fi7- AL B2 XTI A BB 1 e

Table 2.
purity, or P-vacancy and Al impurity pair in BP or
CH,O/BP.

Defect formation energies of P vacancy, Al im-

E/eV Alp Py Alp + Py
BP 0.256 2.325 0.878
CH,0/BP -0.107 1.631 0.234

W BEAEAAE BP M LAz e, 255
FILRRRRAL. 2360 £E BP MR R P 2s B B
fii: 7€ BP Mgty P-P bl 00 & Tfz: #£ BP
i —A P IR TR IE _F oy i &, T
T C, H, O JEF43 B F28 (5 . A 57 AT ) 1F
Ty, TR S BP s 0 AT A T 3R ELDR
ok = FpE ] 24, X AL A — R L 4 A T L
faffid. S5 RFR], MRS O I T T E
75 9 ELIURN BFHAE BP M im it A R ek
AR, W 1(a) B, )G 25 S 500
% 3. HifgEh C=0 #HK L(C—0) J1.221 A,0 JFF
5 BP & F A D(CH,0—BP) = 3.180 A.
(4) A5 AR R W FHRE S 0.179 eV (17.212 kJ/mol
< 40 kJ/mol, Ui BH I Ry Py B R ). AR DL 1%
8 1T SR R SR I B AE AR BP 2 T AR
%, SRR R

B Al I [FIRE 2 LA b =g B4 &
AP AR SE AR, 2 R S A
BP 2 1H 1 AL T 1E B, IR R AR R AL, ik
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Bl A IRAS, A& 1(b) FroR. BP Mifr7E S fify
BREAZER AR LB — P JEF. B BP 2R 4
B, A B R R, ASCERFELE LR — P T
TS 7. A R o 1 W B A 23 (I 4R 1Y P 1
1E BJ7, DR Al 07 2 Ak AR E . [F)
BHESRIE S5 BP M VAR AT T
AR —RhHe). UAeai R, MR EERAY O I
R IVAS G IV 8 S 1 S sy P Bl = N = 4 g
BP M i, R R A e, W 1(c) BioR. P 2=
5 Al BRI R R s —A> P TR, 16 BP

(a) (b)

h {

il AL ol 2
& & %a; &

(c) (d)

& g

1 (a) AfE. (b) B2 AL (c) &P (d) PaEfS
ALB IR IEAT I BP 4 B 002 S 28 45 8 DM

Fig. 1. The supercells of CH,O/BP adsorption systems:
(a) Intrinsic BP; (b) Al doped BP; (¢) BP containing P va-
cancies; (d) BP with the coexistence of P-vacancies and Al

doping.

3 OAE.PALALBE P ALY Al Bt
P BP 47 W B AP I ) AR AR 4548 25

Table 3. The optimal structure parameters of in-
trinsic, P-vacancy contained, Al doping, P-vacancy
and Al doping coexisted BP systems adsorbed formal-

dehyde molecule.

K E,q/eV D(CH,0—BP) /A L(C—0)/A
AL 0.179 3.180 1.221
Pz i 0.875 4.007 1.223
AlBZ 0.542 1.840 1.247
ABLPEHILE 0.824 1.886 1.265

FEA— ALE T8 — P ST ARH PR
T WS FWE AL FIE 17, [RIRES R LA
LR R e = A Ha], SRS AT AR LAk, T
SRR, MHES T/ O R0 T Al +1E
EJ5 (P R0 ALY JF BBURPKIIE BP Ji&
T, AR R A Bl aefe e RS, &l 1(d) s, ARYE
3 LSRRI, B¢ ALEF 51 BP %5 W
HA T 43— 14 T B B B R AR AE BP 2 19 W% B
fig (Al: 0.542 €V /52.1154 kJ /mol; AAiE: 0.179 eV/
17.212 kJ/ mol). 4 H {53 43 5l W B AE & P =5
ALY PRBEIGT- T O NTE S P 260 Al B2t
A7 PREAG L, W B RE A LU AAE 1Y BP B 9K
(P Z5{3i: 0.875 eV /84.135 kJ /mol; P Z5fii 5 Al $
Zef7: 0.824 eV /79.231 kJ /mol; AfiE: 0.179 eV/
17.212 kJ /mol). i#f—2543Hr 4 Bl 2 0 Bt HH 1 7
T B A1, 4PR A C=0 K L(C—O0)
AFHER, A& P IR TFEHYARN C=0 #KJLT
BeAh252m]. Al B34A R, D(CH,O0—BP) H1 3.180 A
4i/NH 1.840 A, P 2 5 ALBZILAER) BP Mtk
%, D(CH,O—BP) 4/l 1.886 A, W] Al B2
Hesm TS BP M ROAHEAEH, S0 0E 1 IR B RE Y
KU, X T P T2 BP #A %, D(CH,0—BP)
9 4.007 A, FEAAE ) D(CH,O—BP) i B4k,
Wi B A A 25 A6 50 o 114 44 28 %o FP TR 1 1740 2 o
fR5.

3.2 BP J&URHMIAEERY R TR

WX AR f P RS E . AL 2L P
BN AL IAE 4 B BP IR R 098 % 5
AeH I (1 2, (&1 3, A% B4 R B e 17 R S 1 Ry
0.05 eV; AET TR & PIAS I 15x15% 1, BEHF T
BRI T(0, 0, 0)—X(0.5, 0, 0)—M(0.5, 0.5, 0)
—Y(0, 0.5, 0)— I'(0, 0, 0)) B4, W58 T 4 Fh
7 15T W2 BFF FH S ) Pl P R SRR . BB A
FORPEKBES I B, E P R Lebn .

SFTFAAE BP 4, B8 2(a) H45 (— BP) B>
FE 3(a) TN, BEATAIZORBEHA, AT & 3(a)
FIRER N 0.867 eV(ITHZE R, A% E K 2(a)
Hh R R B B I E BB R R k& T AE
iH DOS EIi = W7 g 9810 0.05 eV, W& 0.1
WA BRARAR /DN, T YE R 0.05 eV S22k T
FE b TR AR JE T TS G BT, S T e
B LR T e, X T AE BP 4 W Ff e
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> i > 2r
g 36 ! f; 4
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LD ooaf ' @ 3r
o} ' o)
? o o
. N %\W\MM/\ 0l
36 : 3
—BP ) — Al
24 | 27 — P far
12'/\/\A/\\/\ A/\MA AA 1 A/MM/\/\M -
1
0 L AN 0 AA M
-6 -5 —-4 -3 -2 -1 0 1 2 3 — -5 -4 -3 -2 -1 0 1 2 3
Energy/eV Energy/eV
36 10
(c) —BP(—P+Al+CH,0) Ex (d) "¢ | -BP(—P+Al+CH,0) Ex —0
24 6l
2.
36 10
—BP(—P+CH,0) 8t
- 24} -
| |
S 12} S 4t
£ 36 W\ s 10 <IVAVS
= —BP(+4Al+CH;50) 2 g|—BP( +A1+CHZO) — Al
w0
O 24t O 6l —— P far
g A T T T DO IO s
36 /\ 15 A A ALAY AnMA/
—BP+CH,0 8 —BP+CH,0
24 + 6
12 /\/\/N\ : /\A/M AAAA
0 O .
'6 -5 -1 -3 -2 -1 0 1 _ 2 3 -6 -5 -4 -3 -2 -1 0 1 2 3
Energy/eV Energy/eV
Bl 2 AME, A2 & P a3, P s A AL 5 2 S 77 B 0% B ol R B CHL,O 1 BP B & JE R (a), (b) % BP AR R BER

JE AR 7] J5 - 1 R 4R A 25 B2 1L (c), () & TR R CHLO 1 BP i 14 8 1 G 25 25 RUAS [) JBL 7 119 J Jul 245 2 3 1]

Fig. 2. The density of state of intrinsic, Al doped, P vacancy contained, P vacancy and Al doping coexisted BP with or without
CH,0 adsorption: (a), (b) The total density of state and the local density of state of different atoms of each BP system; (c), (d) the
total density of state and the local density of state of different atoms of each BP system with CH,O adsorption.

H & 2(c) HH5r (—BP+CH,0) B EHZFIE 3(b) 4
B AT 0, 3R OK BB 9t &b F 2l T, A BR AR Ry
0.891 eV. H1 [ 2(d) th 45 (—BP+CH,0) By #553

PG R LLE S A1 JES R A7 T00 B 3T 119 i 9
P JF R BTk, HRE ST I 4 SR AR X IR BT
k. AT U R P RNA R T BB AR K (Mt
A BROG R 2P AR I AR SOR ), B (6) 275 H 2l
PRI A 2R W B PR T P P R R AR A R, R
AIRIAAE BP S SRR IEARL XT3 P &5

{71 BP 4, Kl 2(a) Hérfs (—BP(—P)) Ay2&d

SASHER, TLUE IR KA 1.5 eV, V‘ﬂ?
TAE 0 eV 2245, A B AAAE B P 25 (T8 LAY B
REGL, TEFORRESL L, HEETN, & P &8
{7 BP IR FJE p BPESK. & 2(b) HiRfy (—BP
(—P)) W EUEZS (T R AT P IR )JR s %
JERE, WA HH B b g Rk BEG AL B T Hy 3
&6 P T oTlk G sARESL. S P A0 BP (AR
HREHT I (& 3(c)) AT LA A& BRRE T 18] Bid o A7 A6 P 2%

237101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 23 (2020) 237101
(@ 3 : b 3 i ; © 3 , -
> 1? Q/é > E @ = 1f
0 % o ; % o \‘/7
;J; ) ( ;JE . E g ) N&/\C?Z
% -
_9 e~ _9 . ’Z _9 é§§&f;
_ X/m _ : K A S e
3 3 3
r X M Y r r X M Y r r X M Y r

Band structure

.
———

—

Band structure

Energy/eV
Energy/eV

:?@/%
N —

e

—
[ ——
.
—
—

\

Ll
y
)

i

Energy/eV

r X M Y r r X

3 3
g h ~——
« 2 %C i % " 2 §<ﬁ§ g%
> 1 e e 1k
60 0 g 0
- - a-—
g —~ — RN — |
—— ———— 2=
4 — 5 \—\M\/; — %
r X M Y r X M Y r

Band structure

Band structure

B3 AR ALBAR . P A3, P 23 A0H ALYE 2 277 B 0 B sl ok W B CHLO 1 BP i RE W K1 (a) AS1E BP 45 (b) 4<1E BP W
fff CH,O; (c) & P JRF 25 i1 BP ¥ ; (d) & PR 25 0 1Y BP % WKt CH,0; (e) A1482%1 BP J@; (f) Al#44% BP J& W it CH,O;
(g) P23l AL $B 7354719 BP 45; (h) P 257 il Al 4B 443477 BP %W Fff CH,0

Fig. 3. The energy band of intrinsic, Al doped, P vacancy contained, P vacancy and Al doping coexisted BP with or without CH,O
adsorption: (a) Intrinsic BP; (b) intrinsic BP after adsorption of CH,O; (¢) BP with P atom vacancy; (d) P atom vacancy con-
tained BP after adsorption of CH,0; (e) Al doped BP; (f) Al doped BP after adsorption of CH,O; (g) P vacancy and Al doped co-

existed BP; (h) P vacancy and Al doped coexisted BP after adsorption of CH,0.

BB eSO HIE ey, B o5 P e g i iR
7 B R 2 By DTk, F TR A R
BT POKRREEL, BT LAE T 2K BB GR A3 [R5 Ay
TR AR, BT LA A SRR B R
Z. X AP 2 AL H R BP s, AL 2(c) o
A (—BP(—P+CH,0)) BI/NEITS HTE 5 K RS

BAF T i DX 114 F, - P s, PR RO B LT A
%, I8 2(d)HHR (—BP(-P+CH,0)) HIHBSEI1%
AU SRR BB I A RESUR B P R+ DTk Y,
R 23T 145 SR T e X I B A k. 0k — 24
Mg & (& 3(d)), 2304k PR 775 3% K AES

B I REFETE-0.2—0.35 eV Z[0] 77 A T BRhBE RE SR,
T ERFAREGUE IR T SRR AR, T LA [FIREAS A %%
AR, th (6) RICEIH AR AR R 1Y

SRR RN, BT LSBT LI 15 1T DIAE N
IR L. X T ALBAR BP 4, 456 K 2(a)
Br (—BP(+AL) /hEFEER E (K] 3(e)) srHrn]
B BR L AR R AE 25 67 19 BP B BRI &b 4% 58,
& 0.913 eV. H [ 2(b) HAx (—BP(+AlL) 194
BEHE AT DL A0 T BE 2 fr AL T AL I 28
P JEFoEkAY, S AL R Foimk. XHT AL
Z= W BfE O Y BPM, H B 2(c) AT 2(d) T ds
(—BP(+Al+CH,0)) ryE Fnfgas & (& 3(f)) 24T
BT B S AT — 2R RS, TEM I
FFESIT, B A RCH B 0.315 eV, X HeAS H B i/
T 0.913 eV, BLHIE AL SR 10 B W] AR /)N,
B (6) A I AZBTRE R KR & T A H T8,
FIT LA Al $82% BP JfA 22008 HH I () A TR R .
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KMUHE P2l Al 22 L7 1 BP %, 45 &
K 2(a) AR (—BP(—P4AL) A9/ 1 BE AT &
(K 2(g)) 73BT AT HIBERR 2 1.153 eV. HIl&] 2(b)
br (—BP(—P+Al)) B &R G AT LU H s T
MRESZ AL AN P JEF DTk A7 4l gR A 2(c)
FE 2(d) b5 (—BP(—P+Al+CH,0)) fy/MEF
BEAT I (I 3(h)) KB P 257 Al Al B2 AR 1S
UL MR ALY BP WS BAT 2L, AL
W BB A AN, 2512920 1.153 eV F1 0.303 eV,
AL P Z3 (0 F Al #8230 47 BP Iiik 2 1%
JERMEARL RIS 0.

3.3 BP &R EREERBE ST

FH I 53 B LA S FELT A I 100 DL 3R 4. %t
TAAE BP R R, M HEE T O JE 0 T I
It BLsAK KT 7E BP Jafem, HEEMW C, O JRF5
H (8] 7= A Wi far #5 5% , (H 2 F S 43 s e el far oy
T, UL B> T 5 BP M2 M3 AT, 31
BHAAE BP s W B FP 18 i ) S5 RS 0 080 A AR 1k
I 5 2 A0 %A 5 T AR, BT DA
it BP M ANl A M T i&as il i . & P& A0y
BP Jifk &, WEET ) O JEF T34k P R+
5 HAE LW E BP 4 220, BRI Y
ST E, GRS 5& P 2000 BP /&
Z RN B A e B VAT FL T R, 150 I Y R
HIJE BP L SR A8, & P 2501 BP fifk
W WANRE B AR BT ARE. Y 43U B 8
B ALH P AL 585 A7 1) BP & 1Y
AlJFFIE RS, HEEST 512 AL+ BP &
F NP 2= 5B5% Al 3E7F BP K R Z AL R
43514 0.04e F1 0.15¢ (FFEEASHEF, ULRAAH IER
25 7OE A BIBBAR R ). 28 UiEA S5 p B
BT, ITEAE T BP 475 I8 B FF 1 s 1
B SR, R egk BULH Al B Z4E P 25 5 Al$E

Fa4 WEST LA TR AR
Table 4. The charge gain or loss of formaldehyde

molecule and its atoms.

L il /e
FEIR
H H C 0 AQ
ARAE 0.28 0.28 -0.06 -0.50 0
Pas 0.27 027 -0.06 -0.48 0
Al 0.34 033 -013 -058 —0.04

AlBZEPa 031 034 -0.19 061 -0.15

ZRILAT UG T BP A 28 %68 F TR f) WA R P 4
P, X5 EE R A T R 48— 2.

4 % b

ARSI A —PE R HL SR IE T AE | Al 4B
I EPIRTFEERL KL PENS Al B2 EN
BP M Z %0 B R (W BA T . S8 A A R
fig . ABt 451 M T 55 7%, 430 T ORIR] BP MR R
Xof H R 0T AL LI, WIFSE W, 7EARAE BP 4
I, WS AT T USR] 757 P R
23 B BP i 22 1 IO 35 L R AL$B 2% A
e P 2SS Al 4IL07 ) BP i b, A T 10
PR B . ASAE BP s DL & PR T 25 B
BP M Z06 B 4 I B 55, F 2R LA % L At
FEREWL IR S A AR, BT LAAGE & T AL a1
Bl ALBZM P 234 5 Al B23L17 1) BP Mk %
W B FR A 19 B T B I B R O
AV P 255 Al B 22 L0710 2 0% ffF Y
(ERRAT TR = A T — A2 BB, A A50HT Bt L Bff
AR AR, R Al B4 T 8 f & P a5
WL ERYE. R, Al P 23 fi 5 Al B
Ze A7 BP R R WAl ok — FhoB i 1% R
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Abstract

Black phosphorene (BP) has a high specific surface area due to its puckered honeycomb lattice structure, so
it has great advantages in gas sensor applications. Doping and defects have a great effect on its sensitivity. Our
aim is to obtain an insight into the sensing mechanism of black phosphorene towards CH,O, a hazardous
organic compound. Based on the first-principles method of density functional theory (DFT), the sensing
behaviors of the BP system, with intrinsic, Al doped, P vacancy-defected and P-vacancy and Al doping
coexistent, before and after CH,O adsorption are studied. By establishing the structural models of four BP
systems, the values of adsorption energy, energy band structure and charge transfer are calculated. Calculation
results show that CH,O molecule prefers to be adsorbed perpendicular to the P vacancy-defected BP nanosheet
with oxygen atom on the top site and close to the sheet. For the intrinsic, Al doped, P-vacancy and Al doping
coexisting BP nanosheet, the CH,O molecule tilts towards the sheet surface. It is found that the CH,O
adsorption on intrinsic BP nanosheet (adsorption energy is 0.179 eV) is very weak. In contrast, the adsorption
of CH,O to the BP systems, with P vacancy-defected BP, Al doped, P-vacancy and Al doping coexistent, shows
relatively high affinity (0.875, 0.542, 0.824 eV). Thus, Al doping, P vacancy or P-vacancy and Al-doping
coexistence can substantially improve the adsorption ability of BP systems towards CH,O. In order to
investigate the sensing mechanism of BP systems, the electronic properties such as the density of states, energy
band and charge transfer are calculated. The change of energy gap of intrinsic BP nanosheet before and after
CH,0O adsorption is 0.024 eV, and that for P vacancy-defected BP nanosheet is zero. In addition, P atom
vacancy has no effect on charge transfer. These suggest that the conductivity of intrinsic BP or P vacancy-
defected BP nanosheet has not obviously changed, thereby, they are not suitable for sensor materials. For the
BP system with Al doping or the coexistence of P vacancy and Al doping, it is obviously seen that an impurity
level is generated in the energy band diagram, the effective band gap is significantly narrowed, indicating that
the Al doping improves the sensitivity of BP. In addition, the charge transfer is significantly increased, which
changes the carrier concentration and improves the electrical conductivity. Therefore, the BP system with Al

doping or the coexistence of P vacancy and Al doping is expected to become a kind of new sensor material.

Keywords: black phosphorene, the first-principles method, formaldehyde, sensing behaviors
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