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ABSTRACT

Properties of photoconductivity for MnAl:S4 single
crystal thin film grown by hot wall epitaxy

Lee Yonghee

Adviser : Prof. Hong Kwang-joon Ph.D
Major in Physics Education

Graduate School of Education,

Chosun University

A stoichiometric mixture of evaporating materials for MnAlS, single
crystal thin films was prepared from horizontal electric furnace. To obtain
the single crystal thin films, MnAlS, mixed crystal was deposited on
thoroughly etched semi-insulating GaAs(100) substrate by the Hot Wall
Epitaxy (HWE) system. The source and substrate temperatures were 630°C
and 4107C, respectively. The crystalline structure of the single crystal thin
films was investigated by the photoluminescence and double crystal X-ray
diffraction (DCXD). The temperature dependence of the energy band gap of
the MnAlS, obtained from the absorption spectra was well described by the
Varshni’s relation, E(T) = 3.7920 eV - (52729 x 10" eV/K)T?AT + 786
K). The crystal field and the spin-orbit splitting energies for the valence
band of the MnAlLS, have been estimated to be 4.6 meV and 41.3 meV,
respectively, by means of the photocurrent spectra and the Hopfield
quasicubic model. These results indicate that the splitting of the Aso
definitely exists in the I's states of the valence band of the MnALSs/GaAs

epilayer. The three photocurrent peaks observed at 10 K are ascribed to
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the A;—, Bi—exciton for n = 1 and Cs—exciton peaks for n = 3.
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Fig. 3. Illustration of the sample connections used for taking van der
Pauw transport data configuration (a)-(d) are employed for collecting
resistivity data while (e) and (f) are used with a magnetic field

applied perpendicular to measure the Hall voltage.

Collection @ chosun



A. MnALS; 9273 &4

4291221 Mn(Aldrich, 99.999%), Al(Aldrich, 99.999%), Se(Aldrich, 99.999%)
s BHE FFstd AHd M99 16 mm, WE 10 mm)el P 3x10°
torr o FFelA FS9isted ampoule & WHEITE Fig. 49 % 7|2 FY
Y 1rpm &8 w=4ldo] MRS A HArme] 2xE FSAATE 2%
2o S7Ik S7kE ampoule © H¥H = Als W@AEH] 9
i AR 20 T2 ZeEuA =S4 2X7F 500 T ol m=estd 1 e el A
24 N ZF FAAIZIY 223l ampoule & #-FE 3 AstHA @9 AFE 10 T =2
S5 27] AZEke] 1100 T ol ol=w 48 Ak #FA A 5 A% DC 3 d=

Hel A9g 13, 24 A7 Eok A WA & gAE GAREe Ade] HWE

Distance

g
3 o
S 1100°C

B ——————————
I—P
TC
Mn, Al, S
— 1
CT 160
DC motor
INCT1205 = |
i i controller
Temp.
controller

Fig. 4. Horizontal furnace for synthesis of MnAl»Ss polycrystal.
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Fig. 5. Block diagram of the Hot Wall Epitaxy system.
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Fig 6. X-ray diffraction pattern of MnAl:S, polycrystal
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Fig. 9. Double crystal X-ray rocking curve of MnAlS,

single crystal thin film.

B (400)
)
=
=
2 L <
© (1]
= O
2
%)
s (009)
- L
(= <
L= (%]
—
<
=
=
0
10 20 30 40 50

Diffraction angle (20)

Fig. 10. XRD w-26 scans of the MnAlS, single crystal

thin film grown under optimized conditions.
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C. MnAlLS, ©274 ®¥99] 33 FE3 =AM

MnALS, ©Z2A4 3 GAA utute] EDS A~f ey A2 9 A6 7hS Table 1
of Btk EDS AHEHLS 6 N9 52 zH= Mn, Al S oA vdos B4 X-
Mg 7oz s FAHPon, Mo Al L-A 54 X418 o435, S+
At hAd 2@ EAA ¥kl starting

element & AN} AA o FAU|Eo] +1 % 3 WYl dXFH 1 o] 3s+

Table 1. EDS data of MnAlLS, polycrystal and single crystal thin film.

Polycrystal Single crystal thin film
Element Starting Growth Starting Growth
(wt %) (wt %) (wt %) (wt %)
Mn 21.74 21.95 21.95 21.96
Al 22.61 22.65 22.65 22.66
S 55.65 55.40 55.40 55.38
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1. MnALS, 9234 g9 FEF+ AHEH

MnALS, @274 ¥ute] %o 2 FE5 2dE"S 203 KoM 10 K7t
A 52 WA 7 HA 2Aste Fig. 116 BTl $F5 ~sEegon RE %
Aol ddA (hw)d dgsE 2EF O AF (a)® FEn
(ahv) ~ (hv—E,) o #A=FH Fig.12sk 2ol 78 U & Table 2°
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Fig. 11. Optical absorption spectra according to temperature
variation of MnAlbS,; single crystal thin films.
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100 6. 77 K
7. 50K
8. 30 K

9. 10K

(axhv)? (arb. units)

3.7904 eV
50[ <

3.7914 eV

3.7501 eV 3.7602 eV 3.7706 eV

3.74 3.76 3.78 3.80

hv (eV)
Fig. 12 Relation between the incident photons energy hv and

the (ahv)* in the MnAlS, single crystal thin film.

Table 2. Peaks of optical absorption spectra according to temperature
variation of single crystal MnALS, thin films.

Temp.(K) Wavelength(nm) Energy(eV)

293 330.6 3.7501
250 329.7 3.7602
200 328.8 3.7706
150 328.1 3.7793
100 327.5 3.7860
77 327.3 3.7884
50 327.1 3.7904
30 327.0 3.7914
10 326.9 3.7919
_ 18 -
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Fig. 13. Temperature dependence of energy gap in the MnAlS, single

crystal thin film (The solid line represents the fit to the

Varshni equation).
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Fig.14 . The band bending structure of a PC generated in the

photoconductive layer with monochromatic light exposure.
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okom, oluf P-like#l =& Py, Py, PO 2ol A9 F92 Uro] & & Advka B2yt &
WA F2E 293 KM 10 KZHAE 3709 B9-2 AT4y(z2)—Ti(s)), B(I5(x)—I(s)),
C(Is(y)—=Ti(s) dolol 93t Aoz B [13] o9 #dd Rde wAFZE Y
Fig. 16 o] 2t} .
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Fig. 15. Photocurrent spectra of MnAlS,s single crystal thin films.
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Table 3. Temperature dependence of PC peaks for MnAlS, single crystal thin films.

Wavelength Energy Value A
) . Acr or Fine
Temp. (k) o) . ol difference  obtained by A Structure
nm e Sympo (E] or Ez) Eq (2) SO
002 y(z)—T(s)
330.6 3.7501 E,(293.L) 0.0027 Acr (or Aw excitoon)
4 o o (Ev) 0.0040 Is(x)—T1(s)
293 330. B8 B9M) e
327.0 37919 Ey288) ' dso TR
2 S €Xcitoon
0.0032
Acr y(z)—=T(s)
329.7 3.7599 E (or A excitoon)
250 3295 s7e3  POL) o( 013)93 0.0015 e
: . e _ (or Bi excitoon)
326.1 sgopa HEOM ) 00415 Aso Py)=T(s)
(or Cs excitoon)
0.0028
y(z)—T(s)
328.8 3.7703 E Acr (or Ay excitoon)
200 328.6 g7 EOD) —é 013))95 0.0038 ey
. . E,(200,M : _ (or Bi excitoon)
325.2 3.8126 ol ) (E2) 0.0417 Aso [5(y)—=T(s)
(or Cs excitoon)
0.0031
y(z)—=T(s)
328.1 3.7790 E Acr (or A excitoon)
150 3278 g7goy 10D —o( 013)89 0.0015 o
: . E,(150,M : _ (or By excitoon)
324.5 3.8210 ol ) (E2) 0.0418 Aso [5(y)—=T(s)
(or Cs excitoon)
y(z)—=T(s)
327.5 3.7857 0.0031 Acr (or A; excitoon)
100 5979 47888 E,(100.L) (E) 0.0047 Is(x)—Ty(s)
. X ED(IOO,M) —0.0382 ~0.0410 (or Bi excitoon)
324.0 3.8270 (E») Aso ( Fséy)"rl(S) )
2 or Cs excitoon
y(z)—=T(s)
327.3 3.7881 0.0031 Acr (or A; excitoon)
E(77.1L) (Ev) 0.0044 [5(x)—=T(s)
7 327.0 3.7912 - - (or B, excitoon)
323.7 3.8297 (770D 0.0585 0.0415 A T5(y) =T (s)
’ ’ (E2) SO (or.C;; excitoon)
0.0031
y(z)—T(s)
3271 3.7901 Acr (or Ay excitoon)
50 326.8 s7032 0L —o( 13;86 0.0043 ety
: . E,(50,M : _ (or Bi excitoon)
3236 sgas POOM g, 00415\ I)—T(s)
(or Cs excitoon)
y(z)—T(s)
327.0 3.7911 E,(30.L) 0.((])?(1):? 0.0045 Acr (or A; excitoon)
1 . Is(x)—T'1(s)
30 BB 3T BEM) P
3235 3835  E,(105) ' Aso P Ty(s)
(E2) (or Cs excitoon)
] 2 Tu(z)—T1(s)
327.0 3.7916 E,(10.L) 0.0032 Acr (or A; excitoon)
(E1) 0.0046 I5(x)=T1(s)
10 BT BT E(OM) o e
323.3 3.8347 E,(10.5) ' Aso Is(y)—=T1(s)
(E2) (or Cs excitoon)
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Fig. 16. Fine structure for energy level of MnAlS,.

Hopfield[14]+= spin-orbit splitting®} non-cubic crystalline filed®] &A] &I ol ¢

3 PRI A8l = E9S | Hamilton matrix

1

Eip= %(ASO‘F Acr)—(‘l')[‘;lf (Aso+ Acr)*— % Asocr] (7

i C-exciton?] AUYAE  Emx(A), ExB) gl Ex(CZ 3E7]std
Ei = Exx(B)-Epx(A)°] 3L E; = Epx(B)-Epx(C)0]t}. E1t Ex= ZH7; Acrdt Asodt s
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= Ahupeo] "
2 AN E R 2¥EdoR FY E E #b& %ol Hamilton matrix
of 9]3&] crystal field splitting Acr¥} spin-orbit splitting Asoats 2k}l gk
MnALS; BF=A] F5 FAH0ZRE 738 oA u 3+4 E(T)% Varshni ¥
Aoz FE 10 Keje] Table 39 o= o 3+A E (10)%k 7 10 Kwl Table 39
FAFY AqUA AolZ FEH free exciton binding energy, ErxS 2t} o] of
A 293 KollA 10 K7bA Abel o] 33d 7 B-2(PP)ell= Fad (L), T3t
M) d3-Zal(S)E9] UuAE 242 Epp(L), Epp(M) 1831 Epp(S)E % 7|3}
exciton ¥AF ngkS Fls
MnAlLSs /SI GaAs(100) ¢ 10 Ko 33
t.oolE AU Z FEH 7% Ei Ex 44 e 2

2

A EG = BT 52 3747 3

kv

0.0032 eV
-0.0399eV (18)

Ei = Epp(10M) - Epp(10,L) = 3.7948 - 3.7916
Ez = Epp(10M) - Epp(10,S) = 3.7948 - 3.8347

Ei¥ E.3kS Hamilton matrixol] i3] g w44 & Z=d

Acr = 0.0046 eV, Aso = 0.0413 eV (19)

olt}. o]lwf Acrzt 0.0046 eV Shay S[15]¢] electro-reflectanceE =A3slo] -3+
crystal field splitting 9l A Acr 0.004 eVirEx 2 AX&tar Qal, spin-orbit
splitting olUA] Aso®] SA 4k 0.0413 eV A Shay&[16] X i1gk 0.041 eV @t 7
of dAleta dut. ol 10 KellA S48 A% Acr¥t Asoo] 2 A¥z Hol c-
Soll =2 kA Hlo] it w doju= AEEd= & dAska 3l

Varshni®] E,(T) &4 (D25 10 KYule] oz w 102 E, (103 Table 2
oA 37919 eV ©o]il Table 3914 10 K& w Epp(10L) = 3.7916 eV o|E2=Z
E,(10) = Erx " Epp(10,1) = Erx + 37916 eVelA]
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Erx
Erx = 0.0003 eVelt}. Table 20141, 10 K o, Eg(10) = 3.7919 eVo]il Table 3
ol A 10 K¢ W Epp(10,L) = 3.7916 eV ©]t}. E4(10) = Epx(10) + Epp(10,L) o] 2=
Erx(10) = E4(10) - Epp(10,L) = 377919 - 3.7916 = 0.0003
eV = Epx / 1° = 00002 eV °|th Epx(10)%= Erx / 1°¢F dA3) whebAq 10 KY
W AR B Fadd e oluA Epp(10,L)2 n = 19w 7R Ty(z)oll A
AEd I'(s)= 51 A% Aj-exciton &2 otk E (10, M)& U3 o] sk
o E,(10, M) = [E.(10) + {E,(10, M) - E,(10, L)] - Egx°¢lojA Z}7te] gt=&
ek, 3.7948 eV =3.7919 eV + (37948 - 37916 ) eV - Epx7Fet}. 1EjA
Erx = 00003 eV= 0.0003 eV/1° o]y A E,(10, M) %52 Ts(x) 7Pl A 2
ZA7F Ti(s) A=djol A ofgl 2 o9 #]7} 0.0003 eV 7FZ <l n=1¢! A=Z Sy A7
Bi-exciton % -%-g°]th E,(10, M)¥ E,10, L)¢] oA kAol FKH 7]l 0.0032
eV7} oty ar (3)2) o whel crystal field splitting Acre! 0.0046 eVoltt. E, (10, S)%-
& T ol nzEgth E(10, S) = [Eg(10) + {E)10, S) - E,(10, M)] -
Erxl A Epx = 0.0003 eV= 0.0031 eV/3’ o]l A E,(10, S) &%= Is(y) 7=t
oA [Ax7F Ii(s) A=d] "oz 0.0029 eV oFgfol A& n=3% A== =1 A}
71 Cs—exciton &-$-@lo|t}t. E (10, M)} E (10, S) AFo]e] oyA] 7+A L HH 7|9
0.0399 eV7} o}y Al spin orbit splitting Aso¢! 0.0413 eVo]t}.

50 K 1w Table 2614 E,(50) = 37904 eVolt}h. o] 2% ] Table 304
Epp(50,L) = 37901 eVeoltt. Epx(50) = E.(50) - Epp(50,L) = 0.0003 eV o]aL
Erx(b)/1° =0.0003 eV = 0.0003 /1° ¢} Axgch webA] Epp(50L)€ n = 19 w T
A(z) ZFAA A AA7E Ti(s) A== 5W X Aj-exciton &2 ]t

Epp(50M)= n = 1¢ W Is(x)  7FAAHlA AA7F Ii(s) A=tz 51 A

3.7919 - 3.7916 = 0.0003 eVo|t}. 182 =2 free excition binding energy

71 Bi-exciton &--2] o]t}

E,(50, S)yB9elE b o] mzetth Ey(50, S) = [Eg(B0) + {E,(50, S) -
Ep(50, M)] - Erx®1A  Epx = 0.0003 eV= 0.0031 eV/3* o]oIA E, (50, S) %92
= Isly) 7FdArd oAl A2 Tis) A=d) 2eZ 0.0031 eV ofefel A= n=39l
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A=z 51 A7 Csz-exciton B olth E,(50, M)3} E, (50, S) AFo]2] o] 7+
AL 21 7] 0.0386 eV7} o}y il spin orbit splitting Aso?l 0.0415 eVo|t}.

100 K¢ w Table 29 A] E4(100) = 3.7860 eVelt}. o] %< w Table 3 A
Epp(100,L) = 37857 eVeltt. Epx(100) = E4(100) - Epp(100,L) = 0.0003 eV
= Erx(b)/1° 200003 eVololAl Axehe & 4= vk webA Ew(GOL)E n = 1Y
Wl Ty(z) 7FAA A A27 Ti(s) AEE 59 A2 Aj-exciton®s-$-8 o]t wf
ZH7EA 2 Epp(50 M)+ n = 19 o Ts(x) 7FAAd A A&7 Ti(s) A=tz &
A7 Bi-exciton % $-2] o]t}
E (100, S)&a$8 % th&¥ o] magrt E(100, S) = [Ey(100) + {Ex(100, S) -
E,(100, M)] - ErxlA  Erx = 0.0003 eV= 0.0031 eV/3* o]o]A E, (100, S) &%
& Tsly) 7FdAgel A dA7E Ti(s) d=d] 2o 0.0031 eV oFfiol 2= n=3
¢ A=z W X Ciexciton &% olth Ey (100, M)¥ E (100, S) Ake]e] o]
A 2vAL AR 7|9 0.0382 eV7F o}y Il spin orbit splitting Aso%l 0.0410 eV o]t}

olel WHo g Aol Table 39 Fine structureE 13t} 53] 293K A uj
Table 29] E,(293)2 Table 32 Epp(2931L)3} a1, 37501 eVelolA MnALS, &
[ -I,-VI,= 33t

=AYE H5

= WA A A2 o kAol 37501 Vel AR Hold wb
Ath Eg(293)3 Epp(293L)2 Epx (293) = E; (293) - Epp (293,L)
= 0 = Epx /n*0loA, E,(293)3 Epp(293L)2 n = 02 A.-exciton #-$-2o]H
Varshni® E (T)%l &2 ()& =EWste di&ste] 7HdAtd TellA died =
1 A7 As-excitons$-28 & A-exciton &-$-2olth I Al Epp(293M)= n =
o0 ¢l Beo-exciton &2 B-exciton %2 °|t}.

wEf Al Epp(293,S)%E n = 09 Cw-exciton B-%32] C-exciton %% o]t}
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MnALS, @274 H2s HWE B oz JAAZe. X-4d 34 54 23, MnAbLS,

vhuhe (WOE 44E BAA wuHde ¢ 5 Aot A4 4Y 23e /9 2E

7F 410 C, 4o 271 630 C 4 wo]la, ojuf PL ~#FE= A exciton
emission =2HEHo| 71 ZF3HA yElY I olF Z2AH XA LFFA(DCRC)S HE

%] Z(FWHM) #kol 132 arcsec® 7} 2kt 3355 spectrazZF-H T3 o 4|~

oﬂ A Eq(0)+=

o Al Ey(T)= Varshni equation® E,(T) = E,(0)—

3.7920 eVoli aE 52729x10* eV/K, BE 786 K 91& &<l&tgith

Eo(T)= 7HaAd) Zebdel ok 7hdard el Tuz) =919 dEd Tis)Akel 9
ol YA -4 )L 2kl 10 Ko 34 7F spectrumdtsS Hamilton matrixell 98] -
3l crystal field splitting Acrzte 4.6 meVolw, o] zke 7hAxt) Zetde 93k
AR 9] Ts(x) =99 A=d Ii(s)Akeldl &3kt &3k spin-orbit splitting
Aso #2 41.3 meVelH, olgh2 7hdatd] Aol ofj 7hdAtd) 7hd At e T
s(y) =919k A=d Ii(s)Abeldl] &A1ttt 10KY W Fd7F §98= n= 199
Ai-, Bi-¢ Cs—exciton &2 gt}
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