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The origin of high background electron concentration (») in In,Ga;_N alloys has been
investigated. A shallow donor was identified as having an energy level (Ep;) that decreases with
x (Ep/=16 meV at x=0 and Ep; =0 eV at x ~ 0.5) and that crossover the conduction band at x ~
0.5. This shallow donor is believed to be the most probable cause of high # in InGaN. This
understanding is consistent with the fact that » increases sharply with an increase in x and
becomes constant for x > 0.5. A continuous reduction in #» was obtained by increasing the V/III
ratio during the epilayer growth, suggesting that nitrogen vacancy related impurities are a

potential cause of the shallow donors and high background electron concentration in InGaN.
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I. INTRODUCTION

InGaN alloys are used as active media in today’s most efficient solid-sate lighting (SLL)
devices such as blue/green/white light emitting diodes and laser diodes [1]. Recent determination
of the InN bandgap (0.65 eV) [2-4] has further broadened the applications of InGaN ternary
alloys into areas such as long wavelength emitters, photovoltaics, and solar-water splitting [2-9],
made possible by their ability to tune direct bandgap in the entire solar spectrum. InGaN alloys
have also attracted considerable attention for their potential applications in thermoelectric power
generation at high temperatures [10,11]. The ability to synthesize high quality single phase as
well as p-type alloys is essential for realizing new, high efficiency devices. In an effort to
overcome these challenges, synthesizing single phase InGaN alloys in the middle composition
range (0.25 <x <0.63) and p-type InGaN with relatively high In-contents (up to 0.35) have been
attempted and partially successful [12,13]. Nonetheless, there remain considerable difficulties for
growing p-type In,Ga; N alloys with x > 0.35. The major obstacle for realizing p-type InGaN
with relatively high In-contents is the presence of high background electron concentration (7).

Impurities such as H [14-20] and O [16,20], nitrogen vacancies (V) associated with
dislocations [21,22], and In vacancy/N anti-site (Vi,-Ni,) complexes [23] have been proposed as
possible sources of the unintentional donors responsible for high background electron
concentration in InN. Since all InN and In-rich In,Ga;..N alloys grown by metal organic
chemical vapor deposition (MOCVD) possess high 7 (~10'° cm™), it is difficult to observe
dependence on the growth or post-growth processing parameters and thus difficult to understand
the cause of high » in InGaN. We report here a systematic study of the behavior of the
background electron concentration in InGaN alloys synthesized by MOCVD in the whole

composition range and attempt to pinpoint a possible origin of high n.



II. EXPERIMENT

In,Ga; 4N alloys of thickness ~180-300 nm and GaN epilayers (x = 0) of thickness ~1 pm
were grown directly on AIN/sapphire templates by MOCVD. The precursors were
trimethylgallium (TEG), trimethylindium (TMI), and ammonia (NHs3) for Ga, In, and N,
respectively. The growth pressure was in the range of 300 to 600 torr. Growth temperature was
varied from 1050 °C to 570°C as x was increased from 0 to 1. The variation of V/III ratio was
obtained in the following two ways: V/III ratio can be increased by reducing molar flow of group
[II-precursor or by increasing molar flow of group V precursor. In-contents were determined
from the peak angles of (002) 0-20 x-ray diffraction (XRD) curves based on Vegard’s law.
Selective samples were also examined by secondary ion mass spectrometry (SIMS) measurement
to confirm the In-contents in InGaN epilayers. For Hall-effect measurements, we prepared
ohmic contacts (Ti (30 nm)/Al (100 nm)/Ni (30 nm)/Au (120 nm)) on samples by e-beam

evaporation.

III. RESULTS AND DISCUSSION

Figure 1 shows XRD 0-260 scan curves of the (002) reflection peaks in In,Ga; N alloys.
The peak position of XRD 0-26 curves continuously shifts toward the lower angles with respect
to GaN and reaches the InN position. This implies that these InGaN films are of single phase and
that the theoretically predicted miscibility gap [24] can be breached. The reasons for phase
separation suppression have previously been addressed [12, 25, 26]. The full-width at half
maximum (FWHM) of XRD (002) rocking curves of In,Ga;_N as a function of x is plotted in
Fig. 2 (a). FWHM increased from 300 arcsec for pure GaN (x = 0) to about 4000 arcsec for x

between 0.5 and 0.8, and then decreased to 1000 arcsec for pure InN (x = 1). The solid line is the



Gaussian fit of the data with a peak at x ~ 0.6. These results clearly indicate that the crystalline

quality of In,Ga;_N in the middle composition range is inferior to that of either end.

Broadening of XRD rocking curves is mainly caused by threading dislocations (TDs),
which are generated due to a large lattice mismatch of epitaxial film to the substrate. During the
growth of InGaN alloys on AIN templates, lattice constant of InGaN alloys increases linearly as
In content increases and hence a linear increase in FWHM of rocking curve is expected. In
contrast, we observed a non-linear behavior of FWHM of XRD rocking curves with In content
in InGaN alloys with peak around In content = 0.6. The exact reason for much broader rocking
curves in the middle In composition is not fully understood, however some possible reasons
could be: 1) there might still be some degree of microscopic phase separation which limits the
coherency of diffracted x-rays, 2) large internal strain caused by a large difference in atomic size
of GaN and InN as rocking curves can be broadened due to strain [27], 3) growth conditions of
InGaN alloys in the middle range are not as matured as those of In-rich and Ga-rich region, 4)

high concentrations of impurities and vacancies.

In Fig. 2(b) and (c), we plotted the room temperature electron mobility & and concentration
n of In,Ga,_N as functions of x. Standard scattering mechanisms in InGaN alloys are, alloy
disorder, acoustic/optical phonons, impurities, and dislocations. The total mobility is uri; =
ugt + uyt, where ug, is the contribution from alloy scattering and uy, is related to
acoustic/optical phonon, impurity, and dislocation scatterings. Since random alloys in a crystal
introduce short range potential, the alloy scattering limited electron mobility z,; can be described
by the following equation [28];
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where m, is the electron effective mass, (2 is volume of primitive cell, AU, = |V, — Vp| is the
difference in potential between the two binaries (or alloy scattering potential), and x is alloy mole
fraction. We have chosen m, = 0.133m, (a mean electron effective mass of InN (m, = 0.047m,
and GaN (m. = 0.22m,), £2 =2.283x10%cm” (volume of primitive cell of GaN) and AU, as
fitting parameter. All numerical values were taken from reference 28. Fitting of experimental
data with Eq. (1), except at two end points (x = 0, GaN and x = 1, InN), yields AU, = 6.1 eV. The
alloy scattering limited electron mobility 4 as a function of x with different AU, in In,Ga; N
alloys is calculated according to Ridley’s model outlined in ref. 28. The minimum calculated
value of z, was 400 cm*/Vs for AU, = 2.1 eV. This value of z,; is much higher than our
experimental value because of the larger AU, since z4, is quadratically inversely proportional to
this potential. The deviation of our data from this model could be because of scattering of
electrons by dislocations and impurities. Since the term x(x-1) is maximized at x = (0.5, one

would expect a minimum value of f,; at this composition, which is consistent with our results.

In Fig. 2 (c), we plotted # as a function of x, which increased by two orders of
magnitude from ~10"7 cm™ for GaN (x=0)to ~10" em™ for Ing sGag sN and remained almost
constant thereafter. Such a high value of 7 (~10"” cm™) in InN and In-rich InGaN has been
repeatedly observed by many groups [15-23, 29]; however, the behavior of # in the entire alloy
range has not been reported. To understand the origin of high background electron concentration,
we have measured the temperature dependent » in In,Ga;_N alloys (0 < x < 0.4). Variations of n
with the reciprocal temperature 1/7 for x =0, 0.1, 0.24, and 0.4 are shown in Fig. 3 (a). Solid
lines result from a least-squares fit of data by using the following simplified formula of two

impurity level conduction (except for GaN),



D1 _ED2> )

n= NDlexp( kpT ) + Np,exp ( KT
where, Np; and Np; are donor concentrations with energy levels Ep; and Ep;, respectively. The
data fit well with Eq. (2), indicating that two donor levels exist in InGaN alloys.

In Fig. 3 (b), we plotted the fitting results, i.e. concentrations and energy levels of these
two donor impurities, as functions of x. Energy levels of both donors were found to decrease
with increasing x. The shallower donor concentration Np; increased while the deeper donor
concentration Np; decreased with increasing x. In an undoped GaN, we found only the shallow
donor with an energy level (Ep;) of about 16 meV at a concentration of ~10'"cm™. A deep level,
Ep,;~ 360 meV below the conduction band emerged in Ing ;Gag 9N and its energy level decreased
with increasing x. In In,Ga, N alloys with high x, the dominating donor impurity responsible for
high 7 is apparently the shallow one. For instance, at x = 0.4, the shallow level with Np; ~ 6x10'®
cm’™ (Ep; ~3 meV) and deep level with Np, ~ 4x10" cm (Ep> ~70 meV) will contribute
~5.5x10" cm™ and ~2x10"" cm™, respectively, to the background electron concentration at room
temperature. It is clear that the contribution of Np; to n is further decreased and is much smaller
than the contribution of Np; at x > 0.5, assuming the number of shallow donors remains about
the same in In-rich InGaN alloys.

On the basis of Fig. 3 (b), a schematic band diagram of In,Ga;_,N including this shallow
donor level is constructed in Fig. 4. It was found that Ep; is positioned as close as 3 meV below
the conduction band at x = 0.4. The results clearly indicate that £p; will crossover the conduction
band at x ~ 0.5. In this situation, we expect that all shallower donors are thermally excited at
room temperature, providing the maximum possible n. This observation explains the 7 vs x plot

of Fig. 2 (c) which shows that n reached its maximum value at x ~0.5 and remained constant



thereafter. High » in the middle composition range is most likely related to the deficiency of
active nitrogen atoms as InGaN alloys in this region were grown at high growth rate and/or low
V/III ratio to avoid phase separation. Deficiency of active nitrogen atoms can generate nitrogen
vacancy related impurities. Effect of V/III ratio on 7 is to be described later.

Figure 5(a) shows the SIMS measurement results of Ing4Gag 76N alloys grown at two
different V/III ratios (8,400 and 19,600). SIMS results show that concentrations of all
investigated elements, H, O, Si, and C, are very high (on the order of 10" ¢cm™ or even higher at
a depth of ~50 nm). The unusually high concentration of H and O near the surface could be due
to the post-growth surface contamination and artificial effects from SIMS measurements.
Although H concentration in as-grown GaN can be as high as 10'%-10'"" cm™ [1], the main donors
in GaN have been attributed to Si [30, 31] and O [31]. In the case of InN, both calculations and
experiments indicated that H impurities, both interstitial (H;) and substitutional (Hy), are the
most probable candidates for high » [15-21] and may be partially diffused out by post-growth
thermal annealing [19,20,32,33].

Figure 5(b) shows the concentrations of these unintentionally doped impurities in the
films at a depth of 100 nm, obtained from SIMS measurements. The results show that the
concentration of Si in both films is less than the measured values of #; therefore the possibility of
Si impurity as a source of the background electrons can be excluded. On the other hand, the
concentration of O is much higher (1.1x10" cm™ and 3.6x10"® for films with V/III ratio = 8,400
and 19,600, respectively) than the measured 7 (2.8x10'® and 2.0x10'® cm™ for the films with
V/III ratio = 8,400 and 19,600, respectively). Moreover, the decrease in O impurity concentration

with increasing V/III ratio is not consistent with the decrease in the background electron



concentration with increasing V/III ratio (3x vs 1.4x). This implies that O impurity is not
necessarily a source of n either.

In the middle In composition range, FWHMs of (002) rocking curves of InGaN alloys
are found to be much larger than those in the either side. The corresponding total density of TDs
in these InGaN alloys may be in the range of 10'' cm™ if we consider the fact that in-plane
rocking curves are even broader than (002) rocking curves. It is a well established fact that TDs
can reduce electron mobility as they act as scattering centers for electrons but they may not
contain such a high density of »n, as we observed here in the middle In composition range
InGaN alloys. Our previous results show that #» remains almost the same in Ing ¢sGag 35N alloys
over the wide range of FWHMs of (002) rocking curves while the electron mobility is found to
increase as FWHM of rocking curves decreases [26]. Additionally, a recent study in In-face InN
by Gallinat et al [18] suggested that TDs act only as scattering centers which limit the electron
mobility. More importantly high density of dislocations should not introduce a shallow donor
level.

Other possible shallow donor candidates include nitrogen vacancies (Vn) [33,34]. The
contribution of Vy to the background electron concentration in GaN is expected to be low due to
the high formation energy of Vi in GaN. However, nitrogen vacancies are the most probable

3 in a typical good quality,

cause of a residue electron concentration on the order of 10" cm
unintentionally doped GaN, due to the low cracking efficiency of NH; at 1050 °C and thus

deficiency of N atoms during MOCVD growth. In contrast, the deficiency of N atom is much
more severe in InGaN alloys than in GaN due to lower cracking efficiency of NHj3 at reduced

growth temperatures (the growth temperature decreases from 1050 °C for GaN to ~ 600 °C for

In-rich InGaN alloys). This N deficiency significantly increases the concentration of V.



To understand the severity of nitrogen deficiencies, we have monitored n for Ing24Gag 76N
alloys grown with varying V/III ratios and found that the values of n decrease with increasing
V/III ratio, as shown in Fig. 5 (c). A higher V/III ratio should provide more active nitrogen
atoms during growth and compensate for the deficiency of N atoms, which in turn reduces the
concentration of Vy and/or Hy. The overall material quality also improved with increasing V/III
ratio as evidenced by a linear increase in electron mobility with an increase in the V/III ratio.
These results seem to suggest that in addition to interstitial H;j, Vi and/or Hy are also major
donors in InGaN, particularly in In-rich InGaN alloys.

It has been shown that the background electron concentration can be reduced via out
diffusion of H by thermal annealing. However, n values in such annealed samples remain very
high, implying the possibility of other donors. Based on our results, we suggest that singly
charged Vy related impurities are one of the major causes of residual # in InGaN. In such a
context, the main donors in InN or In-rich InGaN alloys are H [14] and Vy related impurities. A
recent calculation suggested that in addition to interstitial H;", substitution Hx*" is also a potential
cause of high 7 in InN. It was discussed that Hy*" can migrate via three distinct processes.
Among them, the dissociation process (as described by the following equation) has the lowest
activation energy.

HEY > H +Vy 3)

If we assume concentrations of H3, H l-+, and Vy in an as-grown InN or In-rich InGaN are the
same, from the above reaction, we have N[Hi*] = N[H;"] = N[V,], while annealing can only
reduce n by half via out-diffusion of H;" (in-situ incorporated H;" and H;" formed by
dissociation process of Hz* during annealing). Vi cannot be diffused out and is thus responsible

for residual » in annealed materials. This reduction of background # by half has been observed in



InN grown under different growth conditions by several groups [19,20,32] and validates our
discussion above. The reduction factor depends upon the ratio of H to Vi concentrations. This

explains the fact that a reduction in background » by more than half has also been observed [33].

IV. CONCLUSION

In summary, we have investigated the origin of the background electron concentration in
In,Ga;N. It was observed that the background electron concentration increases sharply with an
increase in x for x < 0.5 and became almost constant (n ~ 10" cm™) for x > 0.5. Our results
suggest that the formation of nitrogen vacancy (V) related impurities due to an insufficient
supply of N atoms at reduced growth temperatures (~ 600 °C) is primarily responsible for the
high background electron concentration in In-rich InGaN alloys. This Vy related donor is very
shallow. Its energy level decreases with an increase in In content and crossover the conduction
band at x ~0.5. Unlike hydrogen impurities, Vy related impurities in InN and In-rich InGaN

alloys cannot be annealed out.
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Figure Captions:

Fig. 1. (002) XRD 0-26 curves of In,Ga;_N alloys. Single narrow peaks for all compositions

indicate that there is no phase separation.

Fig. 2. (a) FWHM of (002) XRD rocking curves. Solid line was obtained by fitting data to
Gaussian distribution. (b) Room temperature electron mobility # measured by Hall effect
experiments. Solid line shows the least-squares fit, using Eq. (1). (¢) Room temperature free

electron concentration n obtained by Hall effect experiment.

Fig. 3. (a) Arrhenius plot of electron concentration # for In,Ga;.,N (0 <x <0.4) alloys. The solid
lines result from a least-squares fit of data by Eq. (2). (b) Donor concentrations and

corresponding energy levels as functions of In content, x.

Fig. 4. The shallow donor level with respect to the conduction band edge as a function of In
content, x. The shallow donor energy level (Ep;) is expected to crossover the conduction band

around x = 0.5.

Fig. 5 (a) SIMS profiles of H, O, Si, and C impurities (performed by Evan Analytical Group). .
(b) Concentrations of H, O, Si, and C impurities at a depth of 100 nm of Ing24Gag 76N samples
grown with two different V/III ratios of 8,400 and 19,600. (c) &« and n as functions of V/III ratio.
Open (closed) symbol data are obtained by reducing (increasing) trimethylgallium (ammonia)

molar flow in gas phase.
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