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Silicon doping dependence of highly conductive n-type Al 5,Gag 3N
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Highly conductive Si-doped-type Al, /Ga, 5N alloys were grown by metalorganic chemical vapor
deposition on sapphire substrates. Variable temperature Hall-effect measurements have been
employed to study the electrical properties for samples with nominal Si dopant concentigjon

from 2.6 to 6.8< 10" cm 3. For the sample witiNg;=6.0x 10'° cm™3, we have achieved-type
resistivity of 0.00752 cm with an electron concentration of 330" cmi3 and mobility of

25 cnt/V s at room temperature. For the same sample, the effective d@8hactivation energg,

was determined to be as low as 10 mely, increases to 25 meV aNlg; is reduced to 2.6

X 10 cm3, which can be explained by the bandgap renormalization effect. This implies that heavy
doping is necessary in high-Al-content AlGaN alloys to bring down the donor activation energy,
therefore a higher conductivity. @004 American Institute of PhysidOIl: 10.1063/1.1825095

In recent years, Al-rich AlGaN alloy systems have at-buffer, followed by the growth of Si-doped &a,_,N epil-
tracted increasing attention due to their promising materiayer with a thickness of about Am. The metalorganic
properties that can be used for many optoeletronic applicasources used were trimethylgalliufiMGa) for Ga and tri-
tions, such as chip-scale deep UV emitters for chem-biomethylaluminum(TMAI) for Al. Blue ammonia and silane
threat detection, solid-state lighting for general illumination,(SiH,) were used as nitrogen and silicon sources, respec-
solar blind UV photodetectors, and high power/temperaturefively. The Si-dopant concentration was intentionally varied
frequency electronic devices. It is essential to have succesgy changing the Silflow rate from 6 to 16 ml/min, while
ful doping and control of conductivity of AlGaN for these keeping other conditions the same. The Si dopant concentra-
applications. However, it is well known that it is very diffi- tijon was determined by secondary ion mass spectroscopy
cult to achieve highly conductive AIGaN with high Al con- (SIMS) measurement&erformed by Charles Evans & As-
tent. The difficulty is mainly due to an increase in dislocationsociates Variable temperature Hall-effe¢standard Van der
density} donor activation energ%/and a compensation effect pauw measurement was employed to study the electron
from acceptor-like defects,with increasing Al content. transport properties: electron concentration, mobility, and re-
Other possible effects include negatively charged vacanciesistivity. X-ray diffraction(XRD) was used to determine the
(Vea Va)® and SiDX centers’ We have previously reported Al content of the epilayer as well as the crystalline quality.
n-type conductive AiGa_,N alloys forx up to 0.7; Aresis-  Atomic force microscopy was used to probe the surface mor-
tivity value of 0.15Q cm with a free electron concentration phology; no crack was found in any samples studied here.
2.1x 10 cm and mobility of 20 cri/V s was achieved PhotoluminescencéPL) was also used to study the optical
for AI0_65GQ).35N.5'6 Si-doping in ALGa_,N (xup to ) was  properties of these samples. The details of most experimental
attempted and an electron concentration of>91®'® cm™  setups can be found elsewhére.
in AIN was obtained; however, the conductivity was too low In Fig. 1, we show the Si concentration profile as mea-
to be measureH.Recently, using In—Si co-doping;type
Alq6Gay 3N has been achieved with an electron concentra-

tion of 2.5x 10 cm™3 and mobility of 22 cri/V s corre- 10—
sponding to a resistivity of 0.01Q cm? It is expected that ] KSU-A1496
heavy doping can enhance the conductivity throgththe ] n-Al,.Ga, N 1

formation of the impurity band o¢2) the screening effect
due to increased free and bound charges. Both effects can
reduce the effective donor activation energy. For GaN, a Si
doping level of only~10' cm is required for achieving
relatively high conductivity; however, the doping level needs
to be much higher for high- Al-content AlGaN alloys due to
the deepening of the donor energy level which results from
an increased electron effective mass as well as reduced di-
electric constant.

In this letter, we report on epitaxial growth and transport

N, (atoms/cm®)

studies of highly conductive-type Si-doped AJ/Ga 3N ep- 10" +————————1—
ilayers grown on sapphire substrates by metalorganic chemi- 00 02 04 06 08 1.0
cal vapor deposition. A 0.xm AIN epilayer was first depos- Depth (um)

ited on (000) sapphire substrate with a low temperature
FIG. 1. Silicon dopant concentratidiNg;) profiles in an Ay ;Ga 3N epil-

ayer with SiH, flow rate of 14 ml/min, as probed by SIM@erformed by
¥Electronic mail: jiang@phys.ksu.edu Charles Evans & Associgte
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FIG. 3. Temperature-dependent resistivity results ffieAl,Ga N with
FIG. 2. Variable temperature Hall measurement results1-8f , ;Gay 3N varying Si doping levels from 2.6 to 6:810"° cm>. Strong thermal acti-
(Ng;=6.0x 10 cmi™3). Closed dots are measurement resgittsm top to the ~ vation process is evident for the sample with the lowest doping level. At
bottom): resistivity p, electron concentration, and electron mobility. In high doping levels, samples exhibit degenerated behavior. The inset shows
(©), Tmax indicates the characteristic temperature at which electron mobilitythe room temperature resistivity as a function of the Si dopant concentration,
reaches a maximum value. Ng;; there is a clear trend of decreasing of resistivity with increasing Si

doping level. Resistivity as low as 0.00Ybcm was achieved for
n-Alg/Gay N whenNg=6.0x 10'° cm3,
sured by SIMS for the sample with SjHflow rate of

1N4 mI/][nlrE). Th% Efffgg'”d'?‘.esr? S qlopantT(;]odrllce?tratlothich indicates the trend of moving toward the metallic be-
(Ns) of about 6. cm=in the epiiayer. si 'O havior due to heavy Si doping. The sample reaches its lowest
other samples were calibrated assuming a linear relat'O”ShHésistivity at Ng=6.0x 10° cm3. Further increasing of
between the measuréd; and Sit, gas flow rate. Si-doping level(Ng;=6.8x 10'° cm®) results in an increase
Figure 2 shows the typical Hall measurement results fog, resistivity. This could be due to the self-compensation

the sample with a Si dopant concentratidig=6.0 ; ; : : .
9 . T3 effect or scattering from heavily doped impurity atoms. This
X 10" cmi @ in the temperature range from 70 to 600 K. Re- trend is more obvious from the inset of Fig. 3, which shows

sistivity decreases as temperature_ i_ncrea_s_es, this_ isz as Se doping level dependence of the room temperature resis-
pected, due to the fact that more Si impurities are ionized atlivity

higher temperatures. This can also be seen from the The transition toward metallic behavior at high Si dop-
temperature-dependent electron concentration results, esqﬁg levels can be understood in terms of Mott transition

cially in the high temperature range. The electron concentraz J el Mott density (Nyo) can be approximately calcu-
tion shows less temperature dependence in the low temper%—ted by uSINgNyoy~ (4 2;3)_1 in which a. is the donor
Mott =B 1 B

ture range, indicating that hopping conduction in the . . . _

: . . Bohr radius. Using a linear relation of the parameters be-
impurity band starts to contribute to the transport Process. . —en GaN(e=9.5 andm’;/me—O 2 and AIN (£=8.5 and
The mobility initially increases with increasing temperature /m.=0.4), we can obtaifNy of about 9 10 ¢ for

and reaches a maximum at about 300 K. Similar behaviol'e . . .
has been observed and is well understood in GaN: the ioré:ozgamm'slt;rltsiot?c?rrrif?arr?’irﬁxﬁ(reiftegargga;tsa: ggﬁ;nésorr
ized impurity scattering dominates at low temperature, Wh”éco\e?itra??dan close to N pfor y examole. Ne= 6.0
polar optical phonon scattering dominates at the high tem: mott P, Nsi=0.

9 _3 - - . X - . .
perature end, which results in a maximum in the electror'i;g; tgrg r’ngjczllir(]:lgbherl:;n\/l;[o(r)fof‘htﬁle\lssl,z;ﬂ)grles study, which

mobility. For n-type GaN, this maximum normally appeared L
around 100 K% However, this maximum shifts to a much The temperatgre dependence Of. thg resistivity data can
be understood with a two-level activation model. At low

higher temperature aroun f. Thax iN Fig. in . )
gher temperature around 300 K. Trax g. A0)] temperatures, most electrons are localized at the donor im-

-rpurity sites, which contribute less to the conductivity. As we

increase the temperature, more electrons are activated into

Alg G2 N compared to GaN, since ionized impurity scat- /"1y cion hand. In the inset of Fig. 4, we show the

tering only becomes important when most donors start to b rrhenius plot of the electron concentration for the sample
ionized. We believe that the coincidence of the mobility P P

maximum with room temperature is in fact good for devicev.\”th NSi:G'O.X 10 cn. The SOI'd. line is the !east-squares
applications, since most devices will be operated at roonﬁIt of data with the charge neutrality equation:
temperature. nn+Ny  Nc p( Eo)
In Fig. 3, we show the temperature-dependent resistivity ————— = eXp -2/,
results for all samples with varying Si-dopant concentrations
from 2.6 to 6.8< 10'° cm™ (as indicated in the figusjeThe  wheren, Np, N, are electron, donor, and acceptor concentra-
topmost curve is for the sample with the lowest dopant contions, respectivelylN¢ is the conduction band effective den-
centration (Ng;=2.6x 10*° cm™3), for which we observe a sity of statesE, is the donor activation energy,is the donor
clear thermal activation process. This temperature deperdegeneracy factofwhich is 2, andk is Boltzmann’s con-

dence becomes less evident as the Si-doping level increasestant. Since the impurity-band or hopping conductions con-
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60 T T T late this doping level to be about 9<5L0'° cm ™3, which
_' Nz | agrees well with the Mott density. However the resistivity
50 ) 6E‘ 421 6:'10190",4' - data shown in Fig. 3 from the sample with the highest doping
R ] level (Ng;=6.8% 10'° cmi®) of the current set is already be-
40 g 3.5 1. having differently from the expectation. This could be due to
= 321 T the reduction in material quality under extremely high dop-
~ 301E,=10mev \ 1 ing level conditions. The XRD and PL resulisot shown
g 30+ 12 3 4 5] for this set of samples also suggest that the sample with the
~ 1000T (K") 1 highest doping level has lower crystalline and optical quali-
w 204 i ties, which is consistent with the Hall results. This implies
| that there is still room for improvement in material quality
104 ] and, hence, the conductivity. We also found that Thg,
e Data shifts from 400 to 300 K as the Si doping level is increased
1—Fitto e 0pKn, T from 2.6 to 6.8< 10" cm™ (not shown, and this is due to
0 (B B B B e e i the lowering ofE, as discussed before.

T
0123456718910 In summary, highly conductivgp=0.0075Q cm) n-type

N, (x10°cm™) Aly-Gay N by heavy doping with silicon atoméNg;=6.0
x 10* cm™3) has been achieved. Silicon was found to act as
SIG. 4t. The stu dtpnmcjr agltivati(;)?j ttenergy in (AGanN ?s a fugcti(?% qu _a shallow donor with an activation energy ranging from
0o o omsshcaon e - 25 07 meV as the siicon doping level was varied from 2.6
inset shows the Arrhenius plot of the electron concentration forf0 6.8X 10* cm3, which is due to the band gap renormal-
n-Al, -Gay N with Ng=6.0x 10" cm3; the solid line is the least-squares fit ization effect. We suggest that a minimum silicon doping
of data with Eq.(1) with the fitted activation energy of 10 meV. level of 10° cm3 is necessary for achieving high conduc-
tivities in AlGaN alloys with high Al contents for device
tribute more to the transport process in the low temperaturapplications.
range, we fitted the data in the high temperature range from

250 to 600 K; a valueE, of 10 meV was obtained for this This research is supported by grants from DOE, NSF,
sample. ARO, and DARPA.
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