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Intrinsic relationship between photoluminescence and electrical
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The photoluminescence (PL) and electrical properties of AlGaN/GaN high electron mobility transistors (HEMTs) with
different Fe doping concentrations in the GaN buffer layers were studied. It was found that, at low Fe doping concentrations,
the introduction of Fe atoms can result in a downward shift of the Fermi level in the GaN bufter layer, since the Fe atoms
substitute Ga and introduce an Feg;ar/ zr acceptor level. This results in a decrease in the yellow luminescence (YL) emission
intensity accompanied by the appearance of an infrared (IR) emission, and a decrease in the off-state buffer leakage current
(BLC). However, a further increase in the Fe doping concentration will conversely result in the upward shift of the Fermi
level due to the incorporation of O donors under the large flow rate of the Fe source. This results in an increased YL emission
intensity accompanied by a decrease in the IR emission intensity, and an increase in the BLC. The intrinsic relationship
between the PL and BLC characteristics is expected to provide a simple and effective method to understand the variation

of the electrical characteristic in the modulation Fe-doped HEMTs by optical measurements.
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1. Introduction

High electron mobility transistors (HEMTs) based on
AlGaN/GaN heterostructures, which contain a polarization-
induced high-mobility two-dimensional electron gas (2DEG)
at the AlIGaN/GaN interfaces, even in the absence of any dop-
ing, have been widely studied for their potential application in

U-31 However, Al-

high-frequency and high-power amplifiers.
GalN/GaN heterostructures often show a high buffer leakage
current (BLC) due to the high background carrier density in
the GaN buffer layer, which may originate from crystalline
defects such as vacancies, threading dislocations, and uninten-
tionally incorporated donor impurities such as Si and 0.1+
Reduction of BLC is extremely important to improve the de-
vice performance, and some approaches, such as using C-, Fe-,
Cr-, and Mg-doping, have been demonstrated to obtain semi-
insulating (SI)-GaN wafers.[®® The impurities, as deep ac-
ceptors in the form of substitution atoms, can trap electrons,
compensating for the donor impurity states in the n-type GaN.
Therefore, Fe doping (GaN:Fe) is considered to be one of sev-
eral promising methods due to its reproducibility and control-
lability: SI-GaN:Fe substrates and SI-GaN:Fe based transis-
tors have demonstrated high resistivity and high electron mo-

[9,10

bility, respectively.”!%1 Some articles have discussed the op-
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tical or electrical properties of the SI-GaN:Fe bulk films and
the SI-GaN:Fe-based HEMTs.[1%-141 However, to the best of
our knowledge, the investigation of the intrinsic relationship
between optical and electrical characteristics in the same SI-
GaN:Fe-based HEMT is scarce. Nevertheless, investigating
different Fe doping concentrations by optical measurements
may be beneficial to understand the variation of the electrical
characteristics of the HEMTs due to its simplicity and effec-
tiveness, without the need for full device fabrication.

In this study, three AlGaN/GaN HEMTs with different
Fe doping concentrations were grown, and characterised by
photoluminescence (PL), Hall-effect, and /-V measurements.
The measurement results showed that the PL and electrical
properties of AIGaN/GaN HEMTs depended markedly on the
concentration of Fe doping into the GaN buffer layer, and an
appropriate Fe doping concentration was necessary to obtain
high-performance AIGaN/GaN HEMTs.

2. Experiment

Three types of AlGaN/GaN heterostructures with dif-
ferent Fe doping concentrations were grown on (0001) sap-
phire substrates using metal-organic chemical vapor deposi-
tion (MOCVD). Each AlGaN/GaN heterostructure consisted

*Project supported by the Major Research Plan of the National Natural Science Foundation of China (Grant No. 91433112), the National Natural Science
Foundation of China (Grant No. 51672163), and the Key Laboratory of Functional Crystal Materials and Device (Shandong University, Ministry of Education),

China (Grant No. JG1401).
fCorresponding author. E-mail: jiziwu@sdu.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

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

098504-1


http://dx.doi.org/10.1088/1674-1056/26/9/098504
mailto:jiziwu@sdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 9 (2017) 098504

of a 40-nm-thick low-temperature AIN nucleation layer, fol-
lowed by a 1.5-um-thick GaN buffer layer with different Fe
doping concentration, a 0.8-pum-thick unintentionally doped
GaN buffer layer, a 1-nm-thick AIN interlayer, and a 20-nm-
thick AlGaN barrier layer. The Fe doping concentration in the
GaN buffer layer was 0 for sample A (i.e., as grown), 1 x 10"
for sample B (slightly-doped), and 2 x 10 cm™> for sam-
ple C (heavily-doped). Figure 1 shows the schematic diagram
and optical microscopy image of the AlIGaN/GaN HEMT. The
HEMT devices with a source—drain spacing of 100 um and a
gate length of 40 um were fabricated from these AlGaN/GaN
heterostructures.

(a) 20 nm AlGaN
1 nm AIN

S
0.8 um u-GaN 2DEG

1.5 um GaN:Fe

40 nm AIN nucleation layer

sapphire substrate

Fig. 1. (a) Schematic diagram and (b) optical microscopy image of Al-
GaN/GaN HEMT.

The PL spectra were excited using the 325 nm line of a
He—Cd laser. The PL signals were analyzed by using a Jobin-
Yvon iHR320 monochromator equipped with a thermoelectri-
cally cooled Synapse CCD detector. Hall effect measurements
were performed in the van der Pauw geometry on 15 mm
square samples, using indium dots as Ohmic contacts. More-
over, -V measurements were performed by using an Agilent
B1500A semiconductor parameter analyzer.

3. Results and discussion

Figure 2(a) shows the PL spectra of the three samples
(samples A—C) measured at 300 K and 0.02 mW. As can be
seen in Fig. 2(a), the PL spectrum of the as-grown sample A
consists of a near-band edge (NBE) emission at 3.428 eV and
a broad band peak at around 2.3 eV. The former originates

from the flat-band region of the GaN layer,!'>! and the latter
is assigned to the transition between the conduction band or
shallow donors and the acceptor-type defect complexes com-
posed of Ga vacancies (Vg,) and/or Vg,—0, 1012161 this is the
so-called yellow luminescence (YL) band. The intensity os-
cillations of the YL emission are due to Fabry—Perot type in-
terferences. For the doped samples B and C, besides the NBE
and YL emissions, a characteristic infrared (IR) emission at
1.287 eV is also observed. In order to establish the origin of
the IR emission, we show in Fig. 2(b) the typical temperature-
dependent PL spectra in the vicinity of the IR emission peak
for sample B as a representative of the doped samples mea-
sured in the range 6-300 K. As shown in Fig. 2(b), at 6 K, the
PL spectrum is dominated by the zero-phonon line (ZPL) of
the internal 3d-3d transition of Fe%: peaking at 1.300 eV with
FWHM of 0.825 meV. A set of partially resolved lines in the
range 1.21-1.29 eV is identified as the vibrational replica of
the ZPL. The additional lines, the so-called “hot lines,” in the
higher energy side of the ZPL, are attributed to the splitting of
the excited T/ (G) state of FeZ;! .

With increasing temperature below about 230 K, the ZPL
intensity gradually decreases, while the intensity of all vibra-
tional replicas increases accompanied by their gradual merg-
ing. This behavior can be explained as the gradual increase
of the electron—phonon interaction with rising temperature. 3]
Above about 230 K, the ZPL component vanishes and the PL
spectrum transforms into the 1.287 PL band. Based on this, we
conclude that at room temperature, the 1.287 eV IR emission
is attributed only to all vibrational replicas of the ZPL. This
shows that, in the present study, two nominal Fe-doped struc-
tures (i.e., samples B and C) have been successfully grown,
and the Fe atoms incorporated in the GaN matrix are substi-
tutional on the Ga site and introduce the charge transfer level

3+/24+
(Feg,
Moreover, it is found from Fig. 2(a) that, among the three

) in the midgap.

samples, the intensity of the YL band is the strongest for sam-
ple A and the weakest for sample B.!!”l Meanwhile, the in-
tensity of the IR emission of sample C is weaker than that
of sample B. Here, it should be noted that all the PL spec-
tra shown in Fig. 2(a) are normalized to the NBE emission.
The aforementioned dependence of the PL spectra on the Fe
doping concentration shown in Fig. 2(a) can be explained as
follows. For sample B, the Fe atoms incorporated in the GaN
matrix can substitute Ga and introduce charge transfer level
Feé::/ ** in the mid-gap.!'>1?! The presence of Fel" acceptor
level-related point defects induces the IR emission, and results
in the Fermi level being shifted from the conduction band min-
imum (CBM) to the mid-gap.!'”! Furthermore, the downward
shift of the Fermi level in the GaN buffer layer in turn results
in the decrease of the Vg, concentration due to the increase
of the Vg, formation energy.[!%1® Therefore, compared with
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sample A, sample B shows a new IR emission peak and a de-
creased response at the YL emission intensity.
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Fig. 2. (a) PL spectra of three AlIGaN/GaN HEMTs at P = 0.02 mW
and 7 = 300 K. All PL spectra are normalized to the near-band edge
emission. (b) Temperature-dependent PL spectra in the vicinity of the
IR emission peak for sample B.

However, with a further increase in the Fe doping concen-
tration, corresponding to sample C, the density of O donors in-
corporated into the GaN buffer layer will also increase, since
the O contamination is known to originate from the large flow
rate of the Fe source (Cp,Fe).[!%1218] This results in the in-
crease of the Vg, concentration due to the movement of the
Fermi level from the mid-gap to CBM, and the increase of the
amount of Vg;—O complexes due to the incorporation of O
donors.!!%12] Both lead to the increase of the YL band inten-
sity for sample C compared with that of sample B. Meanwhile,
the upward shift of the Fermi level by the O donor incorpora-

tion also causes the charge state of the Feéz/ " Jevel to be

transferred from Fe3GJ,g to Feéj; by capturing an electron.[!%]
This process gives rise to the decrease of the Feét—related IR
emission intensity for sample C compared with that of sam-
ple B.

To investigate the influence of the Fe doping concentra-

tion on the behavior of 2DEG at the A1GaN/GaN interface, the

sheet carrier density and Hall mobility of the three samples as
a function of temperature from 10 K to 300 K were measured.
As shown in Fig. 3, within the chosen range of measurement,
the sheet electron densities of all three samples are practically
temperature-independent, and exceed 1.0 x 10" cm™2. The
results indicate an absence of any significant parallel conduc-
tion paths and the formation of a 2DEG at the AIGaN/GaN
interface in all three samples.'”) In addition, with increas-
ing Fe doping concentration, the sheet electron density first
shows only a very slight decrease due to the introduction of
the Feé:/ 2 acceptor level, and then only a very slight in-
crease perhaps due to the significant incorporation of the O
donors (Fig. 3). This indicates that the sheet electron den-
sity is barely affected by the Fe doping concentration, and the
2DEQG is mainly caused by spontaneous and piezoelectric po-
larization fields in the AlGaN/GaN heterostructure.

On the other hand, the electron mobility of all the sam-
ples first shows a slight decrease below approximately 70 K,
and then a significant decrease with further increase in the test
temperature (Fig. 3): this is due to the dominance of opti-
cal phonon scattering at higher temperatures.?*?!l The mea-
sured electron mobilities of the three samples (A, B, and C)
are 11690 cm?/V, 12217 cm?/V, and 9770 cm*/V at 10 K,
and 1893 cm?/V, 2031 cm?/V, and 1532 c¢cm?/V at room-
temperature, respectively. The high electron mobilities of the
three samples are consistent with the formation of the 2DEG.
In addition, it is found from Fig. 3 that, compared with sam-
ple A, samples B and C show a slight increase and an obvious
decrease in the electron mobility, respectively, over the whole
temperature range tested, particularly in the low temperature
range (T' < 200 K). The former may be due to the decreased
electron density in the GaN layer of sample B as mentioned
above, the latter may be attributed to the deterioration of the
AlGaN/GaN interface quality due to the diffusion of Fe atoms
from the Fe-doped GaN buffer layer into the unintentionally
doped GaN layer, and even into the AlGaN/GaN interface re-
gion of sample C with a larger Fe doping concentration.
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Fig. 3. Temperature dependencies of the sheet carrier density and Hall
mobility of the three AIGaN/GaN HEMTs.
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To examine the influence of the Fe doping on BLC in Al-
GaN/GaN HEMTs, the output drain—source currents (Ipg) as
a function of drain—source voltage (Vpg) for the three sam-
ples were measured at different gate—source voltages (Vgs),
and they demonstrated similar trends in their variations. Fig-
ure 4(a) shows a typical Ips—Vps characteristic for sample B
measured at Vgg varying from 0 to —7 V in —0.5 V steps.
It is found from Fig. 4(a) that, at Vgs = 0 V, upon increas-
ing Vpg from 0 to 100 V, Ipg rapidly increases and reaches a
maximum of 2.84 mA at about 5 V, and then decreases upon
further increasing Vpg due to the negative differential resis-
tance characteristic of self-heating perhaps originating from
the poor thermal conductivity of the sapphire substrates.[?>-24]
Furthermore, when Vg is varied from 0 V, the Ips—Vps curve
shifts to a lower value overall, and reaches a minimum at
Vgs = —2.5 'V, and then remains almost unchanged up to —7 V.
At the same time, in the Vgg range from —2.5 V to —7 V, the
Vps dependence of Ipg also evolves such that, upon increas-
ing Vpg from 0 V, Ipg first increases slightly (Vps < 10 V),
and then becomes quasi-saturated upon further increasing Vpg
to 100 V. The results show that the pinch-off voltage (V;,) of
sample B is approximately —2.5 V. In contrast, the V,, for sam-
ples A and C are approximately to —3 V.

Figure 4(b) shows the off-state Ipg of the three samples
as a function of Vpg at Vgs = —7 V. As seen from Fig. 4(b),
the off-state Ipg measured at Vgs = —7 V and Vps = 100 V
is 2.16 x 107 for sample A, 1.31 x 107° for sample B, and
6.69 x 107¢ A for sample C. The results show that sample B
has the lowest off-state Ipg compared with samples A and C.
The higher off-state Ipg for samples A and C means that there
is still a non-ignorable conductive channel in the deeper re-
gions of the structure, which is generated by the crystalline
defects and donor impurities acting as donor centers. [+3-2223]

Based on all the experimental results described above, it
may be concluded that, compared with the non-doped sam-
ple (such as sample A), a lower Fe doping concentration
(1x10" ¢cm~3, such as sample B) can result in a downward

shift of the Fermi level in the GaN buffer layer due to the intro-

. 3+/2
duction of an FeG:/ +

acceptor level. This leads to a decrease
in the YL emission intensity accompanied by the appearance
of an IR emission, and a decrease in the BLC. Nevertheless, a
higher Fe doping concentration (2x10%° cm™3, such as sam-
ple C) will conversely result in the upward shift of the Fermi
level due to the incorporation of O donors under the large flow
rate of the Fe source. This results in an increased YL emission
intensity accompanied by a decrease in the IR emission inten-
sity, and an increase in the BLC, compared with the case of the
lower Fe doping concentration. To more intuitively display the
relationship between the PL and electrical characteristics, we
show the quantitative results of the three samples with differ-

ent Fe doping concentrations in Table 1.
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Fig. 4. (a) Ins—Vps curves measured at Vgg varying from 0 to —7 V in
—0.5V steps for sample B. (b) Off-state Ips as a function of Vpg for the
three samples (A, B, and C) at Vgs = —7 V and T = 300 K.

Table 1. Quantitative results of the three samples with different Fe doping concentrations.?

PL Hall I-V (Vgs = =7V, Vps =100 V)
Sample 9 3 B3 om—2 21 —6
NFE/IO cm IYL/INBE IIR/INBE Ns/lO cm u/cm Y IDs/IO A
A 0 30.9 0 1.36 1893 21.6
B 1 7.7 18.2 1.00 2031 1.31
C 20 21.0 5.6 1.02 1532 6.69

?Nre, Ns, and p are the Fe doping concentration, the sheet carrier density, and the Hall mobility, respectively; INpE, Iy, and Iig are the integrated PL intensity

of NBE, YL, and IR emissions, respectively.
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Taking into account the above mentioned intrinsic rela-
tionship between the PL (YL or/and IR) and BLC characteris-
tics, we find that the study of PL characteristic in AIGaN/GaN
HEMTs with different Fe doping GaN buffer layer could be a
route to understand the variation of BLC characteristic with-
out the need for full device fabrication. Although more careful
experimental investigations are required in future research, the
experimental results and the intrinsic relationship between the
PL and electrical characteristics obtained in the present work
are expected to provide a useful guidance to scientists involved
in the fabrication of high-performance AlIGaN/GaN HEMTs.

4. Conclusion

The influence of Fe doping concentration on optical and
electrical properties in AIGaN/GaN HEMTs was investigated
by PL, Hall-effect, and /-V measurements. The measurement
results showed that, compared with the as-grown sample, the
slightly doped sample showed a downward shift of the Fermi
level in the GaN buffer layer due to the introduction of an
Feéz/ 2 acceptor level. This resulted in a decrease in the YL
emission intensity accompanied by the appearance of an IR
emission, and a decrease in the BLC. In contrast, the heavily
doped sample showed an upward shift of the Fermi level com-
pared with the slightly doped sample due to the increase of O
donors incorporated into the GaN buffer layer under the large
flow rate of the Fe source. This resulted in an increased YL
emission intensity accompanied by a decrease in the IR emis-
sion intensity, and an increase in the BLC, compared with the
slightly doped sample. The intrinsic relationship between the
PL and BLC characteristics is expected to provide a simple
and effective method to understand the variation of the electri-
cal characteristic in the HEMT structure by optical measure-
ments.
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