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Abstracts Aluminum nitride (AIN) has versatile and intriguing properties, such as wide direct bandgap, high thermal
conductivity, good thermal and chemical stability, and various functionalities. Due to these properties, AIN thin films have been
applied in various fields. However, AIN thin films are usually deposited by high temperature processes like chemical vapor
deposition. To further enlarge the application of AIN films, atomic layer deposition (ALD) has been studied as a method of
AIN thin film deposition at low temperature. In this mini review paper, we summarize the results of recent studies on AIN
film grown by thermal and plasma enhanced ALD in terms of processing temperature, precursor type, reactant gas, and plasma
source. Thermal ALD can grow AIN thin films at a wafer temperature of 150~550 °C with alkyl/amine or chloride precursors.
Due to the low reactivity with NH; reactant gas, relatively high growth temperature and narrow window are reported. On the
other hand, PEALD has an advantage of low temperature process, while crystallinity and defect level in the film are dependent
on the plasma source. Lastly, we also introduce examples of application of ALD-grown AIN films in electronics.

Key words AIN film, thermal atomic layer deposition, plasma enhanced atomic layer deposition, nitride electronics.
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A e+ ¥H-S-(self-limiting reaction) o2 YAF O
7 ZHo] golatal, F2E o] #UxEe} Tl 1
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A% &2 (thermal ALD)# Z2t=nt st AAe &
28 (plasma enhanced ALD, PEALD)S. 2 uxith #
E A9l thermal ALDE FH53% oA wto=w A
A ek Wh-g 7h(reactant) 7] 7= wEE WEE-0] o]
FojZith AIN Bt A48 913k thermal ALDOIA =
dubx o2 NHy7l da 227 HE whg 7kag AR
=, ¢FrlEe] AFAZE aluminum chloride(AICI;),
trimethylaluminum[TMA, AI(CH;);], tris(dimethylamido)
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HEHRQl UFurl AT 2= trimethylaluminum[TMA,
ACH)F 72 A8 5T 27 ol A4S T
SFaL U= tris(dimethylamido) aluminum(TDMAA, Al

AFE3IA] 2= aluminum chloride
(AICL) 59 AFAE AHEHTh AFA S T/ w
2} ALD 9 %=5%7F €2/ A4] "l TDMAA = tris
(diethylamido) aluminum(TDEAA, Al[(C,H;s),N],) &+
A2 AFE W ALD 959 oF 150~250 °Co]al, TMA
£ 300~450°C, AICL9] ﬁo%t 500~550 °CE 4# A
AT AICLS} 72+e delo]=(halide) A|G 2] ATAS A

|35 BlwE 2-2(350~550 °C)ellA] ALD o] o] F
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Fig. 1. Molecular structure of aluminum precursor for (a) trimethylaluminum, (b) tris(dimethylamino)aluminum, and (c) aluminum chloride.
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Table 1. characteristics of AIN film according to precursors in thermal ALD

Precursor TMA TDMAA or TDEAA AICl;
TDMAA(1.5~3.5s)- AlCL;(2~2.5s)-
Recipe TMA(0.1~15s) - Np(4~6s) - NH;(1~120s) - Ny(4~6s) N,(10~60s)-NH;(1~3s)- N,(0.5~12s)-
N»(70~90s) NH;(0.8~3)-Ny(1~12)
Temperature 330-350 °C 370~400 °C 420~450 °C 150~280 °C 500~550 °C
- 2.4 Alcycle - 1.5~1.8 Alcycle 0.4~1.0 Alcycle
Growth rate sglf—hmltmg. reacthn non-self-limiting reaction - - ' -
existence of incubation - - almost zero incubation -
cycle time
. . . o
Uniformity high uniform and ) approximately 100% ) )
conformal step coverage
Rms roughness 0.37 nm 0.18 nm 0.17 nm 0.6~0.9 nm 1.7 nm
.. amorphous with . amorphous(200 °C)  hexagonal crystalline
Crystallinity hexagonal wurtzite hexagonal polycrystalline polycrystalline(350 °C) with amorphous
highly stoichiometric - - AlN=0.77 -

Composition

and impurity 6%C, 1%0, 15at%H  5at%C, 16at% H

.. 1.97 at 580 nm
Refractive index 208 at 632.8 nm 2.12 at 632.8 nm
Reference 4,8, 11-13, 15 4, 11, 15

8at% C, 10at% H

<lat%C, 5at% O 6at%Cl, 9at%H

2.17 at 580 nm 1.84 at 633 nm 1.97 at 580 nm

4, 13-15 16-19 2, 14, 20

precursor®] EAFZE Fig. 19] ZTAIATE T3 A4A
o] WhgA TEE t=e) 1 dkgof o EE 5o
o3 Aol wel v EAo] EEkxA g o]# 9t
5% AA R Table 19 Belstich

=

2.1.1 Trimethlaluminum(TMA)

TMAS} NH;E Al A7A| 9 gh-g7kA AR5, 3
A " AAEE A MDAl @8k vl %K(incubation)
Gzt A A< A (linear growth) FollA F7 v
& el AT 9oz vdh® H. Van Bui 59
AR Hio] mEW 3 2L7F FrhePAA I
& wkSo] dojupmr =74 (self-limiting) WHS-ollA] ]
21714 o] (non-self-limiting) ¥+-3-0 2 W3t} ') Ax18] &
1]7d (atomic force microscopy, AFM) 4 A3} AIN
vlul 12 granular surface®]™ root-mean-square(rms)
7A71= ~037nm=E FZEHAT. AIN Here] @i
2Fdn) 7 orAE Fl =2 U S (uniformity)et, 35:1
o] FYHE zte FxAA ALl 100 %ol 717k T}
57 (step coverage)e ZH= A= AFEUTE Time-
of-flight elastic recoil detection analysis(TOF-ERDA)E
53l AIN 2 el 5~6at% C, 11at% He} 2 &<
=g dHrske ZAo® UehaL, o]9k fAKSHAl XAl
3% (X-ray photoelectron spectroscopy, XPS)S ©]-&
Zlo] FA %= (depth profiling)ol| 4= CHsoll 93 =&
EE(~6 %), & 0 FE(~1 %)’} YERstth T3 2

R o oA

TR Ao WEW, TMAR 2335 AINZY] XA 3
A (X-ray diffraction, XRD) Z&l3} T T3 07
(transmission electron microscopy, TEM) ARzl 374
2EEE H WA A2 | wurtzite S LTS H
A gHZ 1= Fig. 29 thermal ALDE 53
gk AIN dHeke] XRD #®12 TEM o|n|A& WERiT
580 nm TFlA FHELS 1.97-2.172 257t S7HES
2 ZHEE Z7ITh HER oUAE 5.8+0.1eVE
33 A AV E(spectroscopic ellipsometer) w412 53]

L]_a_]}/}l\_q_'4,8,11-15)

2.1.2 Tris(dimethylamido)aluminum(TDMAA), Tris(di-
ethylamido)aluminum(TDEAA)

TDEAAS} NHy(%:= NoH,)E AFE3te] AIN ub-s
sk o] s RAEE Fig 30| JERATES
TDMAAZ} F4=H AN FHe] NHe 72+ 243} =}
gof] Fzho] douprar] EHol| ethylamine[(C,Hs)N]7 12
o|FojF A3} AE TEH ©|F NH; =& NH,
7} FJEE FHo] F2HE ethylamine”] 2} WHS-3FH A
NH,C,Hs7} A4 o252 AI-NH Ago] J4€
T} TDEAAS Al AFA 2, NHy(EE N,H)E w7t
22 AMEE u) 150~280°C 2% WA e A
°olgt AYAE HATH NH;¢| A¢ &% SVl wet =
2F £57F F7belAl 220 °Colld 7MY w2 F3E
g Bolt, N)HE & Afole dAdes S3 &
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Fig. 2. (a) X-ray diffraction in 620 mode and (b) cross-sectional TEM image of thermal ALD-grown AIN using TMA and NH;.>?
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Fig. 3. Schematics of reaction mechanism using TDMAA and NH; or N,H,.

7} ATt 260 °C ol delA FREErE A St
ek AIN 22 0.81~1.8 Alcycled] SHEE & cycled
sub-monolayer(AIN monolayer ©]& 7 2.5A °]sh7}
2= A0 7 Yety, TMAS T2 3 A4 &
Aol 2]t incubation> AL YUATE X-AL o] &3 Y
2 AR B4 A7 21 gem’, AR 6~9 A =t
FPE AR AT ke £48 F5 AN
el ~5at% O, <lat% C, ~26 at% HZ 3H-fra}
3 o1 N/Al ratio= 9F 1322 Nerichdh Zel Ao
2 YETE XRD 418 53lA] AINS HiREYdS &
o1&kt TMAS AFE-3F AIN vttt} mpz7lx] & 633
nm 3G A S 257t SUIESEE SHES 1.849
A 1.8982 Z7bekdth B3 o] AIN 2 10 kHzoll A
74~779] A9 53~5.6 MV/ieme] @ A%
(breakdown field)S YFERHTE

o

)

2.1.3 AICl,

AICLE AHE3HH TMA 3L EHT 7290 %
T-3FaL 0.4(450 °C)-1A/cycle(550 °C)e] e 53]
ERSlTh. AICLSF NH;o B¢ w02 Q1st 9
ZrodZo] AIN 2o Zlo|7} S7tedrs S7lelsla, &
2 o7t 27ROl 7HAE T2 01420 550 °Co)

Al F23E AIN X% Clo] BAE = R 550 °CollA
NH; ¥Eg7do] ClIS AlAs7 | S3kA] 287] wFo|th
LB EEES 250 FAsH 1at% mvkel AWV A
23R &UT AICLSF NH;E AFESHPA AN H[&-&
~0.92 N-richst AIN uto] F2€t). XRD 4 23,
713 SHEE B8] AION°] FAEUL ST
2 hexagonal AIN polycrystalline®] /=] th2 A+
AEe] vla] AFA] s Fd=rt BojR= AL &
o1k &= 9t} EFF Z2hd AN dhute 7 23 en
7F 500, 550°C & W rms A&7]7} 1.7nm, 1.3 nmS
2 2=k A gE AFAEF 72, 632.8nm I}
Foll A FHEL 18804 2.0502 F2 Lx7) S
of wgt F7Fstdth

22 2=
Thermal ALD 7|9 A A}7|A|3H] 8H-2-S o]l
7P Fad Wge FgeEolth ALD 2% 9= B
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e B9 F9] @& (desorption) = Aol 25
Ao, £ 7] mE F4E F7ke Be 9

Aol o]t A2 FE3l(thermal decomposition)Z
& Ay i)

XA AFe AHE Al AFA Q] FRH Wl ALD
A7 XA "otk Al AFAER L50] &
ALD APolE% 5245 (growth-per-cycle, GPC)E Fig.
4] A)ste] LeRAT. TDMAASH TDEAAE 2 150
~250°Ce] B2 2EoA FFo] dojuyal, TMAE ©F
350~400 °C A ¥ A =2 FFAEEE YRS
o, AICLE 450~550°CS] 2 JHojA] H|w 3 e

£52 AIN "heke] F3po] o]FoiAlE S & 5 Uth
Thermal ALDE 32}¢t AINS 52 2% w} gt
54 A 27 "o WA TMA AFAE AHES
0.25[ W TMA™ ' = ' 1
@® TDEAA
> A TDMAA n
S 0201y ac, | . T
L2 °
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£ 015} Ao .- 1
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LA . v 1
$_ A: 4 vV 4
< L B
£ 005 v
o
S 500 A . . .
100 200 300 400 500 600

Temperature[°C]

Fig. 4. Growth rate of thermally grown AIN with various Al
precursors as a function of temperature.
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o] YedttY D. Riihela 59 97X Ho]| ¢shd
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H. Van Bui 59| HE39] 25 370°C o]d}ol|A] #}H7]
A o] WHS-(self-limiting reaction)®] ¥ oj1}al 370 °CH.Th
L2oA= HRZ|A o] ¥Eg-(non-self-limiting reaction)©-
2 do] ZZEL? Fig 5@y TMA ATA| AR Al
250 e AIN ¥ S2H5-8 HolFrh Fig. 5(b)
T TMA 79 A7k 12004 42744 371 AIAS o,
22l SAEEE YeRTh Fig 4, 594 Hole= A
I o], TMA A+Ale F32rdd wet S3H80] 2
A WAstste] 82 < AT F A

AFME o] &3l ¥ J4s
Fwo] M(island) HelZ 74 ANt
o] FAlA doji} 2nm AINS A719] el ¢
3] EHo| Yol st =¥AS YEPITE 3nm AN
NXe AZE o] A 3 A 77t Frteke
g I & Uk o= 87 F4oNA incubation
B = Ao FHoE o] sAleta AP A%
FM e FARELR o] At S AR
A F2 L7} Z718ko)| whel rms roughnesss
0.14 nm(350 °C)°IA 0.17 nm(450 °C)& Z7}ehe o=
Vet AIN glete] @ SEM #4918 F3ll 350 °C
oA FAFeE Be =2 FUEE YERILL, 420 °CollA
2 2k A9 100 %ol tiohE AT = v
Hou, A4 0= 3] Azl o] A o= g
A AEH o]ojr] XRD #4] Azt A
s AR Skt S I < ATk 350
°CollX] S2HE e A& ¢ko] wurtzite phase”’l T+

A7 1 nm AINES
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W oX
ul

ofN
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0.45 5
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0.35 &
0.30 1
0.25 350 °C
0.20

330 °C
0.15 ———a—H
0.10 T T T T

0 1 2 3 4 5
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Fig. 5. Growth rate of AIN using TMA as a function of (a) temperature, (b) TMA pulse time.*'”
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E AIN gtuF 148 Froln, TMAS €] 257
7VrEE C, O, Cl 59 EvE L7 o=
2 Ay

Lok 2 27t SUFeHH ZEEC] Sk 632.8
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3. Plasma-enhanced ALD

Zelznle oA vto 2= B7Fs3 ALD ¥9 wh
g AA FEdte dH =3l " 53 d3E
dhabol| 4] A A0] Aaql ROl NyH, &% 7k &
S F8l o] adhr] witell, A2oA i vt
& H3| & &(cracking efficiency)S S&3t7] fall =z}
znp7}h ARg-Hth. PEALDE Z2tzntol| ols) 24J3tE
reactive nitrogen(N*)©. 2 <l13] WkgAJo] =7] ujitol
thermal ALDREL} A&ollx Agleke Faksk 4= gl >Y
20109 F-E] AIN, GaN, InNZ 7+& o]4 &4 A3}
ot ®uk ol AlGaN, InGaN¥ 7+ &5t =3,
nanolaminate®} 72 o FJe|9] @3s}=o] PEALD H
e 58 S2E A3t 2o =g

o] Fox= PEALDZ S33 AIN qe] EA4S &
gtzul whg7kael A X)) FRol wEr 53

37, Table 29 g&ste] YeRAT

3.1 Z2t=0} 837tA

PEALDE AINZS F2Feh= 749 i Al A7A
2 TMAE AFESlT ¥HS71A2 NH; B Ny/H, =8
ZulE A3 PEALDE AREsH S2L2%E5 100-
200°C A= @& 4 Qo] Lol FHeksk 7)ol A
3lth Fig. 75 2W, NH;E Ze}=v}; 937t 2 AL
e A$ FFE0] NyHK(10~50 % H,)ZE AMgsle 7
$-HTh =74 YeRdth o] NH; Zet=ule] &43td
7}~ 2}t Z(radical)®] NH, NH,, NH;Z N,/H,ol| H]s}
thFete] ghezds) vhat 3] SakE g7k=ele] b
$AMo] ] &7] wj&olt} T3 thermal ALDS} Ee] wF
£ 7}2~7F T2 F PEALDOIA 5 incubation <o)

=5 Qs
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Table 2. characteristics of AIN film according to plasma sources and reactants in PEALD.

Plasma source Remote ICp ccp
reactant NH; N,-H, NH; N,-H, NH; N>-H
AlICl5(1~10s)
TMA(0.05~0.4s)  TMA(0.1s) TMA(0.1~4s) TMA(2s) TMA(0.03~0.4s) ~ ArtHy(155) TMA(2s)
Recipe -N, or Ar(10s) -Ar(10s) -Ar(10s) -Ar+Ny(4s) -N, or Ar(2~10s) _2 -Ar+Ny(4s)
P -NH;(7.5~40s) -N,-H,(40s) -NH;(9~40s)  -N,-H»(30~32s) -NH;(2.5~40s) NHs+ArtHy(3-3 -N,-H,(30~32s)
N, or Ar(3~10s)  -Ar(10s) -Ar(6~10s)  -ArtNy(4~10s) -N, or Ar(2~10s) 0s) 3 A HHZ(] 55) -Ar+N,(4~10s)
- 2
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