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Fig. 1. PL spectrum of the GaN sample at 1.5 K. Three
peaks, namely D'X,, SX,, and FX, are the main struc-
tures in the PL spectrum. Their first- and second-order LO
phonon sidebands are clearly seen and located at lower en-
ergy of one and two LO phonon energy, respectively, due to
the simultaneous emission of one and two LO phonons. In
addition to these distinctive structures, TES and FXjg peaks

can be also resolved.
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Fig. 2. Experimental peak-intensity values of various ex-
citonic luminescence lines of GaN at 1.5 K. Huang-Rhys
factors of various excitons are simply determined by the
peak-intensity ratios of the first-order LO phonon side-
bands and their respective ZPL lines. Clearly, the coupling
strength of various excitons with LO phonons is very weak
at 1.5 K. For example, the Huang-Rhys factor of acceptor-
like surface-defect bound excitons was only ~1.37 x 10~ 2
suggesting thatvery small amount of lattice relaxation oc-
curs during the radiative recombination of various excitons
of GaN at extremely low temperatures. However, it is worth
pointing out that such concluding point may not be valid at
medium and high temperatures because the interactions
between exciton and phonon could be a strong function of

temperature, especially for free excitons.
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Fig. 3. Variable-temperature PL spectra of the WS, mono-
layer semiconductor. Double PL peaks can be well resolved.
The red-shift temperature dependence of their peak posi-
tions is clearly seen. Note that the red-shift dependence of
peak positions of the two emission peaks may be due to the

exciton-phonon coupling.
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RS A TR, S SHUI B-HL
1.
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4 WS, B J2 T 4E 2k SR A WA ROLIE AL (7 B A
Bl ) Bl BE R b A, S L 2 ] O Donnell 5
Chenl F @I A HL -5 A& B 5 DR A9 BLL B =24
e AR TR B LA M

Fig. 4. PL Peak positions (filled squares and circles) of the
WS, monolayer semiconductor vs. temperature. Solid lines
are the fitting curves with the bandgap red-shift formula

due to electron-phonon coupling suggested by O’ Donnell
and Chen®l.

e 4 s, SER AR MENe LA h& M 515
EF A WA T =S 8UEAER 1 o, TR
B, o FE A 0 A R0 - B R S e
YN A RS AN, PIASAR0S T e R R
R H/NF WS, R T2 B F 1 A (in-plane) A
AR (out-of-plane) PR SN FIRHIE RE &L BT 27N
1) B - BT PR DA S/ IS AT RS F- g 1 S B0k P
A 1 &G BE R AR B A B/ L
ORI HOR AR IR B I, v DL LR A L 3]
Iy AR . XA SR FR I, RV B G e
JEFZ AR BN, RS T O BT
SR WS, 36 Tk e Yk R 2R
LT R A5 RN R 2R

# 1 HE) AEER AN =25E
Table 1.  Values of the three parameters adopted in the
fitting to the temperature dependence of peak positions
with Eq. (8).

Peak E,(0)/eV S (Aw) /meV

1 2.0610 4+ 0.0004  2.1046 + 0.0972  38.7739 + 1.9522
2 2.0225 £ 0.0006  1.3664 4+ 0.0691  29.0564 4 2.4535

4 TG ET AR & T
H-EHE T

T BAT RAFRDCHARFE PR E T, aiToHL

HA TR R RAEL, R0 | T ATTRIRESE %
R 3839 fe i A G HL - (BT )-A5 - B F IR 4E
FERA S5 AR AR F AR o %) 52 e S 52 1) E 4451 2
Gong %5 WOIRF5Y T —4EE5 5K B S P i 775 7 1
YRR T RO CRLEZR M52 T Taru 45 1Y A5
NE 7R HFETCHL CsPbBrs 44 i P FE SR L -7 F
HAEH, gl T ROt A 1R,
Saran 4 2 fU RIS R ], FEAREN & TE LG P90 i
H, B KOG BE R Frohlich A1 7-LO 75 F .
YERIT 8. X et oe 20, L+ ()75 F A
YERXT T ICIe A HL- TR A B 4 T LA 4
e B TG A R AR A 5 L A R AR A A
B2, A B TR A HBIT S . 36 TR0 AAFIT 45
UL R s s s pL, AT B X T 2l e AL
CsPbBry 2K i v 19 & EHLHI AT T IR AHY
W5 34 %6 - - BAEHITE CsPbBrs 44K
fm 8 A SEHLH ) E AR RS T — LR T
ABJAEL Han, FATAI A RS LO 71
B 14 B - BT DR 7 AR DX B R B Y T )N
175 V% 252 7 2 7 1 1Y) PR 4 R B30 A i 1 4
B i R BB AR T E T LA — e R
AT FRATR T A P e R 2R
YEFBLEI A, A T35 TR L6 TS 2 kAL
il A B — 2 A T TR S e FRATT T AR Y
ZER

5T BIr FH A 4l JCAHL CsPbBry 44K & A2 FH Fr
HEA (hot injection) b2 77 I B & Bl HAK 1Y
G 0 BRI 405 AT 2 A AR SCER [45). A2 R
PL i 2 7E—28 [ IR 09 = 0 oG 1
SERLY, T S AR AR SEE S R IR AT A R
I3 2],

Kl 5 Jr7n i CsPbBrs 40K fi i =S A )i
FEF AR PL 5 (2SR, 520 2840 B
k7 (MBO) BRI Bl 2. MBO £
e, 2 Mukamel S A1EE 110
KRR T O E A W12 3 3 iy Ak
MBS R T A . 2006 4F, 1EE S5 &1 17
FSMZ T BRSBTS
PR BRI PG &G AT, ZERL 2 T LLGE
RN A e R N F R AN Y S o 1)
OIS, 2R RN, TR GaN, ZnO
FENRIEREEGAETG, AT DBER Ry — A ERE H 5
fntR LO 1 (FIRIK, primary oscillator) B
BT, IFZ B ARSI (1) an o 1% SL i 7
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) EEHE, IXFI Mukamel 25 48] fF 2 & i 15 i 73
TR R = BEAR L FRA TR 2 BB ) 5
TR E R R TSR R OGS ZEEE TSR
Gy B B TR B AT BEREAS A A, W — S
PRECE TR 5] R 5 149

PL intensity/arb. units
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Photon energy/eV

T=20K

PL intensity/arb. units
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Kl 5 CsPbBrs #12K b b #£ = A AN [ i BE T i i 45 11y
PL 3% (= BB ), Sc MH B B T i 7 5 288 1AM
A 2B PR T (MBO) B8 it 5 i fie i 48, % &
IR G A TTF 2R SRR, S22 FIAH
Xt TRT BRL 1Y 22 B A B4R T R A B 0 S AR A A R T LA
RN PN )

Fig. 5. PL spectra (open circles) of the CsPbBr; nanosheets
measured at three different temperatures. Solid lines are the
theoretical curves with the multiple mode Brownian oscil-
lator (MBO) model. Agreement between experiment and
theory is satisfactory if considering the complexity of many-

body interactions in a solid system.

flweg) = eXP[_QW_Q(Weg - ng)z]v 9)

X B e, S A B UG REDE, RIVRTSCHINE &
TRIIRENL, WIS A KM — 1S5, 18
XA TR A RS, fE MBO BRI,
BT AR B -7 TR S R AOLIE A ] &
i—\‘ﬂg [48]

Ipp(w) = %/0 f(weg)dweg

« Re /0 expli(w—weg+ Shewro)t—g*(1)]dr,  (10)

b Re F7R A PR BRI 195238, 97(1) S
Wi S5 PR (1) LRI RL, B Rk o)
1 [ 2Shwi oy

- — w
2o w32+ w(wdy — w?)

g(t) = 2

x [1 4 coth(Bhw/2)](e ™ +iwt — 1), (11)

Hrp SR - N, v 2HEF5 LOFAFH
MAERTEHBEESF¥%HA FHME R,
B=1/ksT.

MR FR T LIE Y, B R A% 8 i
S A TR 2 5 ) MBO BRIS RO L B
BN FARE— IR EENSE. N (9)—
(11) 2, 1354 T CsPbBry B I T K63,
Horp LO A fE R [5E 04 18 meV, fUEUE Awl,
S UK~y 5 3 ABH. ik EE LA G LSk
TERAERE] 5 gy . R, X T ANtk e i [ 14
REM 5, HIS L3 A& R A Y 4
). S BRI — S50, FRAE CsPbBrs 40K i
FIUT 5 LO P Z [R5 o B Y - By PR 7
5—40 K IR BB, Bl e B 1) T s/
K645 H T FH MBO & 7 B i A& R 8L 4 H i
SHTF (=) SREHXRR, Hpg2—H
/N IRIE T A S EI R H L, X E£ W] CsPbBry
YK TR R 0 7 - T DR 7R RS A AR TR TS
PRI PN, e B T B TP T e P kN 113X B 5 B 42 )
B, BATITRASR S HFH5 Taru 2 1 128G
—Br PR 5B TR L E TR RN S
TEARF. 2 TEMGETEE P, CsPbBrs 855544
Kb A E- N T, W RS TS LO AT
(AR B i B A IR T I/ N P BRI, FRATT 2
FHZ A 4 8 v A0S Bk A4k i) i 25 A e i b
Yk B2 1) b T T 4 R ke i R 1Y) L a2 PR O AR A
(5) 3K, WA R S TS5 RGE S
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6 I MBO BRI AT H 1Y CsPbBrs 44K i B 7
5—40 KRR A g 8- T I (SE =), SRR
AL WE, 765—40 K EEERE N, 8- HE K1
LB BTN, R U7 TR TR R R b T
36

Fig. 6. Huang-Rhys factors (solid triangles) of the CsPbBry
nanosheets in the low temperature of 5- 40 K with MBO
model. Solid line is a linear fitting curve. Note that the
Huang-Rhys factor of excitons in the CsPbBr; nanosheets

interestingly decreases with increasing the temperature.

5 AWEF NV HOHE-EIFFEF
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)R IR B ASET L2 S5t O 1Y L S R Y
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(vacancy) T 2H B 1Y 52 G SR o 191 Bla/p ] 2 g
A TR A XA — R AR R . AT AT
BRHe WA NV 2 S8 ol 128 5 1R B
IR BN G DA LG - B A, TEAES RT 2=
[5e] SRR [50].

FRATT T 5 0 1 B A 4 A A 2 H P 22
TR R A TR ) (s 55 25 AR S TR
AR R BT AME AR AR, HEAAR 1 AR BRI A 5 7]
S A e S P, SRIARE R AR PL 5
IETE Renishaw inVia A B S 5635 1 5¢
B, ORI R AU HOE AR BY 514.5 nm
BOGLZ. B 7 B s ny WA aE R i) 77 KAR
& PL %, AT LI AEHA RIS AE W A NV GRIE
HUL I RO, BT E R NV B A hkE

U B L] LR — 1 070 Ly 9 Rl Ly 2 14 T

P IRER S, BEN i — LU BT L R LA A
i, Bebnoh NVO, TRERAR T 2.0 eV BT 2
A — RS, BAR I NV BR T IX P ARAE A
JETELAD, B G A 4 Aa) 20501t BRAE P 2R A T AR
ORBEM, aniEl 7 rp i R ST Sk BT T EL, P
ANEETFARRER T ARE. NVO 192 45 meV,
M NV 12 63 meV. 33X P4 4548 1 1% 45 44 5
e AN TR e] FEARZS 19 NV im0 5 ) L v Sy dul
FOPR SR RE & RO 25 2R PO Sy T REXS i€ S8 DL 1
PEAT BB G IS BV TRZ R B, 25| AT
B SEE p(ws) R IHE Ry SR S LTS Y
STk B T H., 7R PRI EE R R, - TR
S A TR AR P T A T pR AR,

T=77K
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P70 [ BTSMIE A G Y 4 WA 0 O AIRIE PL 3% NV Gk
B s R T HROIR 2S00 2 7 1 OGR4 DL S AT R R
B ZAE I S S0 33 5 A Y O T L B b R B Sk AR
T XA T T R SR S AR i A A 0 2
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ROCHE I BA AR R RE IR, R EATS BEZ 2R
14 Jm B e Bl

Fig. 7. 77 K PL spectrum of the diamond flake grown on
diamond substrate. It is clearly seen that two sharp lines of
NVY and NV - as well as their respective phonon sidebands
for the two quasi-localized vibrational resonances. Down-

ward arrows indicate such phonon sidebands.

AR Maradudin 55 02 B S A9 3HE 242X
it E4NIA NV Ui B PL 3%, Maradudin 252
FKHm > 1A FEREE LRI D H m — 14 F 71
BRAEJ RS 1 A R T LR SRR 293

In(w) = Ny, /O S (@ — 0 h(p)dr,  (12)

L) = ae~S[aw) + Upw)/®,  (13)
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Fig. 8. Left panel: measured 77 K PL spectrum (gray line) of the diamond flake and theoretical spectrum (red line). The cut off en-

ergy of phonons of diamond is also given. Right panel: densities of phone states obtained via theoretical fitting to the experimental

PL spectrum.
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Huang-Rhys factor and its key role in the interpretation of
some optical properties of solids”

Xu Shi-Jief

(Department of Physics and Shenzhen Institute of Research and Innovation, The University of Hong Kong, Hong Kong, China)
( Received 15 July 2019; revised manuscript received 14 August 2019 )

Abstract

Huang and Rhys published a quantum theoretical treatment to the light absorption in F-centre in solids,
which has been widely recognized as the first detailed quantum-mechanical calculation. In the Huang-Rhys’s
seminal theoretical treatment, they derived a dimensionless factor to characterize electron-phonon coupling
strength which was named later as Huang-Rhys factor. Since then, Huang-Rhys factor has been generally
accepted. In this short review, the physical nature of Huang-Rhys factor and several application examples in
solids are introduced and presented in memory of the hundredth anniversary of Prof. Kun Huang. Due to
limited publication space and my personal understanding on Huang-Rhys factor, only several cases including
GaN, 2D WS, monolayer semiconductor, inorganic CsPbBrj; perovskite nanosheets and NV centers in diamond,
in which the extremely-weak and medium strong coupling between electron (exciton) and phonon occur, are

discussed in this short review.

Keywords: phonon-electron interactions, Huang-Rhys factor, optical properties of solids, luminescence
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