http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Mg acceptor activation mechanism and hole transport characteristics in highly Mg-doped AlGaN

alloys

Qing-Jun Xu(#:FKH), Shi-Ying Zhang(ik=:3%), Bin Liu(xlkt), Zhen-Hua Li(Z=4E%E), Tao Tao(Fdi%), Zi-Li Xie(iff H 77),
Xiang-Qian Xiu(f& [} i), Dun-Jun Chen(%:#( %), Peng Chen(:5), Ping Han(%:°F*), Ke Wang(L#%}), Rong Zhang(7k>€),
You-Dou Zheng (%84 %})

Citation:Chin. Phys. B . 2020, 29(5): 058103 . d0i: 10.1088/1674-1056/ab7e93

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Magnesium incorporation efficiencies in Ma,Zn,,O films on ZnO substrates arown by
metalorganic chemical vapor deposition

Qi-Chang Hu(#1J5 ), Kai Ding( ] #1)
Chin. Phys. B . 2017, 26(6): 068104 . doi: 10.1088/1674-1056/26/6/068104

Effects of Mg doping in the guantum barriers on the efficiency droop of GaN based light emitting
diodes

Yang Liu(*4%), Yongchun Yang(#7k %)
Chin. Phys. B . 2016, 25(5): 058101 . doi: 10.1088/1674-1056/25/5/058101

Control of symmetric properties of metamorphic Ing,7Gag73AS layers by substrate misorientation

Shu-Zhen Yu(Ti#%), Jian-Rong Dong(7& %), Yu-Run Sun(fhEiH), Kui-Long Li(Z=ZEJE),Xu-Lu Zeng( % 14 14),
Yong-Ming Zhao(i# 55 #), Hui Yang(¥#%)
Chin. Phys. B . 2016, 25(3): 038101 . doi: 10.1088/1674-1056/25/3/038101

Nanodots and microwires of ZrO, grown on LaAlO; by photo-assisted metal-organic chemical
vapor deposition

Feng Guo(3Fl%), Xin-Sheng Wang(E¥i‘E), Shi-Wei Zhuang(H:4:4H), Guo-Xing Li(ZE[H ), Bao-Lin Zhang(7 = #k),
Pen-Chu Chou(JH Z<#])
Chin. Phys. B . 2016, 25(2): 028103 . d0i: 10.1088/1674-1056/25/2/028103

L,=100 nm T-shaped gate AlGaN/GaN HEMTs on Si substrates with non-planar source/drain
regrowth of highly-doped n*-GaN layer by MOCVD

Huang Jie, Li Ming, Tang Chak-Wah, Lau Kei-May
Chin. Phys. B . 2014, 23(12): 128102 . doi: 10.1088/1674-1056/23/12/128102


http://cpb.iphy.ac.cn/EN/abstract/abstract75679.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract75679.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract70222.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70222.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67234.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67234.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66689.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66468.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66468.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62139.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62139.shtml

Chin. Phys. B Vol. 29, No. 5 (2020) 058103

Mg acceptor activation mechanism and hole transport characteristics
in highly Mg-doped AlGaN alloys”

Qing-Jun Xu(#& )27, Shi-Ying Zhang(7Kk+-3%)!2 7, Bin Liu(XI[3&)"#, Zhen-Hua Li(Z=§E4)!12, Tao Tao(Fd %),
Zi-Li Xie(i§t F 71)"%, Xiang-Qian Xiu(f&[f#{)!, Dun-Jun Chen(F3#(% )", Peng Chen([4Mi%)!, Ping Han(#F)!,
Ke Wang(E££}H)!, and Rong Zhang(7k%%)!, and You-Liao Zheng(#i#5 £})!

1Key Laboratory of Advanced Photonic and Electronic Materials, School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, China
2 College of Optoelectronics Engineering, Zaozhuang University, Zaozhuang 277160, China

(Received 15 October 2019; revised manuscript received 25 January 2020; accepted manuscript online 11 March 2020)

The Mg acceptor activation mechanism and hole transport characteristics in AlGaN alloy with Mg doping concen-
tration (~ 1029 cm—3) grown by metal—organic chemical vapor deposition (MOCVD) are systematically studied through
optical and electrical properties. Emission lines of shallow oxygen donors and (Vi complex)! ™ as well as \713\1+ and neu-
tral Mg acceptors are observed, which indicate that self-compensation is occurred in Mg-doped AlGaN at highly doping
levels. The fitting of the temperature-dependent Hall effect data shows that the acceptor activation energy values in Mg-
doped Al,Ga;_,N (x = 0.23, 0.35) are 172 meV and 242 meV, and the hole concentrations at room temperature are 1.2x
10'® cm~3 and 3.3x 10'7 cm~3, respectively. Therefore, it is believed that there exists the combined effect of the Coulomb
potentials of the dopants and screening of the Coulomb potentials by a high hole concentration. Moreover, due to the high
ionized acceptors’ concentration and compensation ratio, the impurity conduction becomes more prominent and the valence

band mobility drops sharply at low temperature.

Keywords: AlGaN, Mg doping, MOCVD, cathodo-luminescence, Hall measurement

PACS: 81.05.Ea, 82.33.Ya, 81.15.Gh, 78.60.Hk

1. Introduction

Aluminum-gallium-nitride (AlGaN) alloy is recognized
as one of most promising materials for applications in deep ul-
traviolet (DUV) light emitting diode (LED) devices,!!! due
to their great potential applications in sterilization, water pu-
rification, and biological and chemical agent detection.*>! In
order to fabricate high efficiency DUV-LEDs, it is required to
obtain a highly conductive p-type AlGaN layer with a high
AIN mole fraction. However, since the ionization energy for
Mg-doped Al,Ga;_,N alloys dramatically increases with AIN
mole fraction increasing from 170 meV (for x = 0) to 630 meV
(for x = 1),!7] which leads to very small hole concentration
in the valence band at room-temperature. Therefore it is rather
difficult to achieve highly conductive p-type AlGaN.

Recently, very high Mg-doped level (around 10%° cm—3—
10?! cm™3) could be adopted to obtain adequate free hole con-

ductivity, because of the low activation ratio of holes in AlIGaN

DOI: 10.1088/1674-1056/ab7¢93

with high AIN mole fraction.®! But high doping effect eas-
ily leads to the valence band-tail states and impurity band to
form.[°! In addition, since the formation energy values of in-
trinsic defects and their complexes are significantly reduced in
highly p-type Al-rich AlGaN alloys, these defects could fur-
ther compensate for the presence of free holes.!!%!!l So the
fundamental understanding of the impurity transitions, as well
as Mg acceptor activation mechanism and hole transport char-
acteristics in highly Mg-doped AlGaN has become increas-
ingly important.

In this paper, we systematically investigate the optical
transitions of impurity transitions and variable-temperature
Hall effect to clarify the Mg acceptor activation mechanism
and transport characteristics in highly Mg-doped AlGaN al-
loys. The optical characteristics of undoped AlGaN and Mg-
doped AlGaN alloys are investigated by using the cathodo-

luminescence (CL). The electrical properties of each sample
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are analyzed by using the temperature-dependent Hall effect
measurements. It is discovered that there exists a pronounced
reduction activation energy for Mg acceptor and lower hole
mobility in highly Mg-doped AlGaN alloys, due to the high

ionized acceptor concentration and compensation ratio.

2. Experimental procedures

The unintentionally doped and Mg-doped AlGaN al-
loys were grown by metal-organic chemical vapor deposi-
tion (MOCVD) using trimethylaluminum (TMALI), trimethyl-
gallium (TMGa), ammonia (NHj3) as the organometallic pre-
Hydrogen (Hj)

was used as the carrier gas. For Mg doping, an optimized

cursors for Al, Ga, and N, respectively.

molar flux of biscyclopentadienyl-magnessium (Cp,Mg) at
4.8 x 1077 mol/min was used. More detailed growth proce-
dures for undoped and Mg-doped Al,Ga;_,N alloys were re-
ported in Refs. [12,13]. The AIN mole fractions of AlGaN
samples were determined by high-resolution x-ray diffrac-
tion (HRXRD) through using Cu K line = 0.15406 nm radia-
tion (PANalytical X Pert Pro XRD). The concentration of Mg

mined to be 1 x 10%° cm™> by using secondary ion mass spec-
trometry (SIMS).[!3] The optical properties were characterized
by cathodo-luminescence spectra (CL, Gatan Mono CL3+) at
low temperature ~ 120 K. Post growth rapid thermal annealing
in N, ambient was used to activate Mg acceptor. The electrical
properties were measured by variable-temperature Hall effect
measurement through using the van der Pauw method (Accent
HL5500 measurement system).

3. Results and discussion

Figure 1 shows the comparison between the CL spectra
measured at the low temperature (120 K) for undoped and
highly Mg-doped Al,Ga;_,N alloys of varying x (0.23, 0.35,
and 0.57). The band edge transitions are at 3.955 eV, 4.161 eV,
and 4.566 eV for the undoped Al,Ga;_,N (x = 0.23, 0.35,
and 0.57) alloys, respectively, due to the free excition (FX)
transition.['*! In additon, it is observed that the peak energy
position of impurity transition, denoted as (DAP); shifts from
3.642 eV for x = 0.23 to 4.146 eV for x = 0.57, since the Si,
O, and C impurities are easily incorporated during MOCVD

atoms incorporated into Mg-doped AlGaN alloys was deter-  growth.!”]
(a) —— Mg-doped Alj23Gag 7N (b) —— Mg-doped Aly35Gag.csN (c) — Mgd'dopjdAfdo.séc'}aoi,\alN
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BE 3.4 eV (DAP);
GaN 3.955 eV * 3.968 eV
ey | (DAP);
|1 3589 eV

Intensity/arb. units
Intensity/arb. units

Intensity/arb. units

R

Energy/eV

Energy/eV

1 1 L L L
3.8 4.2 4.6 5.0
Energy/eV

L | -
44 3.0 3.4

Fig. 1. Low-temperature (120 K) CL spectra of undoped and highly Mg-doped Al,Ga;_;N alloys with varying x (0.23, 0.35, and 0.57) with dashed lines

and solid lines denoting undoped and Mg-doped samples, respectively.

Figure 2(a) shows the plots of the CL spectral peak po-
sition (Eep;) versus AIN mole fraction (x) of the above impu-
rity transitions in undoped AlGaN alloys together with those
of cation vacancy complexes with one-negative charge (V-
complex)~! related transitions. The energy position of these
impurity transitions show a continuous increase with AIN
mole fraction increasing. Correlating the onset of much oxy-
gen concentration in SIMS results,'*! we suggest that the
presently observed impurity transition shown in undoped Al-
GaN alloys is also attributed to the recombination between
electrons bound to oxygen donors and (Vm-complex)’l, such
as (Vga20N)' ™.

To obtain a more comprehensive picture of O donor and
(Vi-complex) ™! acceptor energy levels in undoped AlGaN
alloy, we plot its donor, acceptor energy levels, conduction
(E.), and valence (Ey) band edges versus AIN mole fraction x
in Fig. 2(b). Now, the ionization energy value of the O donor
(Ep) is assumed to increase linearly from 25 meV to 86 meV
with x increasing from 0 to 1 in Al,Ga;_,N alloys,!'”-!8 and
the peak position of band edge transition for undoped AlGaN
alloy is considered, other parameters and the same procedure
are used as described in Ref. [16]. The Coulomb interaction
between the ionized donors and acceptors is neglected. The

acceptor level (E4) in undoped Al,Ga;_,N alloys as a func-

058103-2



Chin. Phys. B Vol. 29, No. 5 (2020) 058103

tion of AIN mole fraction x could be written as

EA:Eg(x)_Eemi_ED+EV7 (D

where Eg(x) is the bandgap of AIGaN alloys, E, =
—0.3AE,(x),E. = E,(GaN) 4+ 0.7AE4(x), and Ep is the O

donor energy level.l'®! Ey is plotted in Fig. 2(b) together with
E. and E, as a function of x, which clearly shows that the Ep
of deep acceptor (VHI—complex)" is a horizontal line for the

entire AlGaN alloy range.

5.0 6
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Fig. 2. (a) CL peak position (Eep;) of present impurity transition (solid stars) observed from Fig. 1 and those of (Vi complex)!™ related
transitions (solid squars) obtained from undoped Al,Ga;_,N alloys as a function of AIN mole fraction x in Ref. [16]; (b) Ea versus AIN mole

fraction for (Vm-complex)l’, E,, E., and Ep.
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Fig. 3. Plots of energy levels (Ea, Ep) of acceptor and donor with con-
duction and valence band edge (E., Ey) versus AIN mole fraction (x) in
Mg-doped Al,Ga;_,N alloys.

For Mg-doped AlGaN alloys, the band edge transitions
become completely quenched asindicated by the solid line of
Fig. 1. Compared with those in undoped samples, (DAP); in
Mg-doped samples has a slightly lower energy position, which
is usually ascribed to the fact that the Mg incorporation makes
the magnitude of the strain changed slightly.!'”! The emission
lines at 3.263 eV, 3.262 eV, and 3.589 eV are dominant for
Mg-doped Al,Ga;_,N alloys (x = 0.23, 0.35, and 0.57), re-
spectively, which do not occur in undoped AlGaN alloys. So
those emissions are attributed to Mg impurity-related transi-

tions. Since the formation energy of the nitrogen vacancy with
three positive charges (V?jr) is small, it is suggested that the
positive charges (VI3\I+) be the most dominant compensating
centers in Mg-doped Al,Ga;_,N alloys.!%!% Therefore, we
suggest that the physical origin of those emission lines is con-
sistent with that of the 2.8-eV line in Mg-doped GaN 202!
and the 4.7-eV line in Mg-doped AIN,®?%! which is ascribed
to the recombination of electrons bound to V?\]* and neutral
Mg acceptors, denoted as (DAP);.2”! Similarly, we further
investigate the energy levels (Ea, Ep) of acceptor and donor
with conduction and valence band edge (E., Ey) versus AIN
mole fraction (x) in Mg-doped Al,Ga;_,N alloys as shown in
Fig. 3. The spectral peak position (E¢pi) of impurity transi-
tion, together with 2.8-eV line in Mg-doped GaN and 4.7-eV
line in Mg-doped AIN is also plotted for Al,Ga;_,N alloys as
a function of x. Based on the Hall effect measurement results
and reported Mg acceptor levels, %] the Vf\fr energy levels have
been deduced in Mg-doped Al,Ga;_,N in the whole range of
AIN mole fraction. [?]

In order to characterize the ionization of Mg acceptor,
we carry out the temperature-dependent Hall effect measure-
ments. The resistivity for Mg-doped Alg 57Gag 43N alloy is
highly resistive (not shown), which is most likely to be due
to the resistivity exponentially increasing with the activation
energy (Ea), and being compensated for by nitrogen vacan-
cies (as shown in Fig. 1). So the temperature range where
Hall measurements are performed is not large enough to de-
termine Ep for Mg-doped Algs57Gag43N alloy. Figure 4(a)
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shows the temperature-depenmdent resistivity curves of Mg-
doped Al,Ga;_,N (x = 0.23 and 0.35) alloys. In Mg-doped
Alp23Gag 77N alloys, the resistivity is almost constant at tem-
peratures ranging from 200 K to 325 K, then it decreases with
the temperature increasing from 325 K to 650 K, which clearly

indicates that there exist two different hole transport mech-
anisms. However, the resistivity decreases exponentially by
more than one order of magnitude in Mg-doped Alg 35Gag 65N
alloys, while the temperature is increased from 260 K to
535 K.

T/K T/K
500 400 250 200 . 500400 250 200
103:1 T T T T T T T T T 1 10205' T T T T T T T T 17 10 ¢
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® Aly35GagesN:Mg [ ® Al 35GagesN:Mg ® Alg35GagesN:Mg
“
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Fig. 4. Temperature-dependent (a) resistivity, (b) hole concentration, and (c) mobility of Mg-doped Al,Ga;_,N (x = 0.23 and 0.35). Solid lines are obtained

from Arrhenius plots in high-temperature region.

Since the resistivity includes the contributions from both
hole concentration (p) and mobility (i), we evaluate the Ex
values of Mg acceptors for Mg-doped Al,Ga;_ N (x = 0.23
and 0.35) based on the temperature-dependent free hole con-
centration as shown in Fig. 4(b). In Mg-doped Alg 23Gag 77N
alloys, the hole concentration exhibits an increasing trend with
temperature increasing. But the hole concentration is insensi-
tive to temperature in a lower temperature range from 200 K
to 325 K, and E, calculated from Arrhenius plots is 17 meV,
indicating the onset of impurity band conduction. (82821 Thus,
holes need not to occupy valence band states for carrier
transport. (301

For the Mg-doped Alj 35Gag 5N alloys, the hole concen-
tration also increases with temperature increasing due to the
thermal ionization of Mg dopants. There exists a deviation be-
tween the experimental measurement data and the fitting curve
at temperatures ranging from 260 K to 360 K, which implies
that the thermal activation of holes starts to play a role. But

only temperature above 360 K, the thermal activation becomes
dominant for the hole transport mechanism. The fitting lines
are obtained by the following Egs. (2) and (3) based on the
charge neutrality condition

E
plptho) M (‘A) ’ @)
Na—Np—p g ksT
Ny =2(2mm;ksT)*? /13, 3)

where p, Ep, Na, and Np are the hole concentration, the ac-
ceptor activation energy, the acceptor, and donor concentra-
tions, respectively; g is the acceptor degeneracy factor, which
is assumed to be equal to four for the AlGaN band structure;
T is the temperature; kg is the Boltzmann constant; and 4 is
the Planck’s constant; Ny is the effective valence band density
of states; the hole effective mass (m;) of AlGaN are changed
with the linear interpolation between the effective mass of AIN
and GaN.3! The values of Ex, N, Np, and the compensation
ratio Np /Ny are listed in Table 1.

Table 1. Fitting results from variable Hall measurements of the Mg-doped Al,Ga;_,N (x = 0.23 and 0.35) alloys.

AIN mole fraction Na/em™3 Np/em™3 Compensition ratio/% Ea/meV AEA/meV Epo/meV
0.23 4.45 % 1020 1.42 x 10" 3.2% 172 79 251
0.35 1.68 x 1020 6.89 x 108 4.1% 242 63 305

The values of activation energy (Ea) are 172 meV and
242 meV for Mg—doped A10,23Ga(),77N, and A10‘35Ga0.65N,
respectively, which are lower than the previously estimated
value of of Ex as a function of the AIN mole fraction in Mg-
doped AlGaN alloys.[®! The lowering of the value of the acti-

vation energy (AE,) is ascribed to the combined effect of the
Coulomb potentials of the Mg dopants and the screening of
the Coulomb potentials by a high concentration of free holes.
Moreover, AE4 is assumed to be proportional to the average

distance (N, )!/? between ionized acceptors.*?!
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Thus, the acceptor activation energy may be expressed as

EA(Ny) = Eao—AEa = Exo— f(N;)'3,
= Eao—f(p+Np)'/?, )

2\ [4n\'? &

r=r(5)(5) i ®
Here, Eaq is the activation energy at T = 0 while the con-
centration of ionized acceptors is sufficiently low; g is the
electronic charge; & is the dielectric constant (9.5&y); Na,
Np, and AE, are given by Egs. (4) and (5); the values of
Eao can be obtained, which is consistent with typically re-
ported Mg activation energy.[®! So it is reasonable to explain
that the p-type conduction mainly results from the hole carri-
ers thermally excited from the Mg acceptors at temperatures
higher than 325 K and 360 K for the Mg-doped Al,Ga;_,N
(x =0.23 and 0.35), respectively. This similar electrical trans-
port characteristics has been observed in Mg-doped InGaN, 331
GaN, 8] and AlGaN.[?1 The transition temperature increases
as the bandgap energy become larger, i.e., 250 K for Mg-
doped InGaN and GaN and 500 K for Mg-doped Aly7Gag 3N.
Figure 4(c) shows the measured hole mobilities varying with
temperature. The mobility values of two samples monotoni-
cally increase with temperature decreasing, which implies the
possibility of acoustic phonon scattering.[**! Moreover, two
samples have relatively low mobility around 0.5 cm?/Vs at
room temperature, which could be explained by the ionized
impurity scattering caused by Mg acceptors and compensat-

ing donors. ¥

4. Conclusions

In this work, the optical and electrical characteristics of
highly Mg-doped Al,Ga;_,N alloys (0.23< x < 0.57) are in-
vestigated. Their cathodo-luminescence spectra show that
there exist two groups of impurity transitions in Mg-doped
AlGaN alloys: one is assigned to the recombination be-
tween electrons bound to shallow oxygen donors and (V-
complex)!~, and the other is the recombination of electrons
bound between ij and neutral Mg acceptors, which indicates
that there exists the obvious self-compensation phenomenon in
Mg-doped AlGaN alloy. The values of effective acceptor ac-
tivation energy (E4) in Mg-doped Al,Ga;_,N films (x = 0.23
and 0.35) are determined to be 172 meV and 242 meV, and the
hole concentrations are 1.2 x 10'® cm™3 and 3.3 x 10'7 cm ™3
at room temperature, respectively. It is important to consider
the Coulomb interaction between ionized acceptors, which re-
duces the activation energy due to increasing the degree of ion-
ization and compensation ratio. Furthermore, the other high
doping effects are also observed, including impurity conduc-
tion and lower hole mobility.
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