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ABSTRACT

MOVPE growth of InGaN and InAIN has been studied to prepare a wanted band gap from 0.65
to 2.5 eV for multi-junction tandem solar cells. The main subjects in the growth of InGaN are the
suppression of phase separation and metallic In incorporation and the control of composition in grown
films. Both phase separation and metallic In segregation can be avoided by choosing the appropriate
substrate position on the susceptor. By optimizing growth temperature and TMI/(TMI+TEG) molar ratio,
InGaN films with full composition range are successfully grown. The Mg-doping behavior of MOVPE
InGaN (In composition 0.1~0.4) is also studied using Cp.Mg as a Mg source. The growth behavior of
InAIN is studied with the dominant parameters such as growth pressure, TMI/(TMI+TMA) molar ratio
and substrate position on the susceptor. The major difficulty in the INAIN growth is found to be the
adduct formation by the parasitic reaction of TMA and NH;. By employing the atmospheric-pressure
growth, adduct-free InAIN films are grown with a reasonable growth rate (~ 1um/h). This enables us to
grow InAIN films with an In content from 0.3 to 1, corresponding to band gaps from 3.6 to 0.65 eV. In
order to demonstrate an ability to prepare these different alloys sequentially, InAIN/InGaN
hetero-structures are prepared and the photo-response is observed for the first time for an

n-INAIN/p-InGaN hetero-junction.
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1. Introduction

Photovoltaic power generation is expected to be one of the key technologies for the realization of
a low-carbon society. For this purpose, we need to develop low cost and high conversion efficiency
solar cells. The most effective way to realize a high conversion efficiency is to fabricate a multi-junction
tandem solar cell, where many sub-cells composed of a different band-gap material are stacked
perpendicularly and electrically connected in series. Figure 1 shows the relationships between
band-gap energy and lattice parameter for typical semiconductor materials applicable to solar cell. In
order to realize a high-efficiency multi-junction cell, semiconductor materials with band-gap energies
from 0.6 to 2.5 eV are required [1]. Since the band-gap of INN was found to be about 0.7 eV [2],
InN-based nitride semiconductor alloys, such as InGaN and InAIN, have had much attention as
materials for multi-junction solar cells [1,3]. This is mainly because a wide range of band-gaps can be
realized by changing only their composition; from 0.65 to 3.4eV with InGaN and from 0.65 to 6.2eV with
INAIN. Figure 1 shows that there is no such a material except for the InN-based materials. The authors
have shown that, using InGaN or InAIN films with a band gap energy from 0.7 to 2.5 eV, a
multi-junction tandem solar cell with a conversion efficiency more than 50% is expected to be realized
[1]. Thus, the InN-based alloys are ones of a few of the promising materials for multi-junction solar cells.

Since 2003, the studies on InN-based solar cells, especially InGaN cells, have been started using
Ga-rich materials [1,3]. Single-junction cells composed of GaN/InGaN heterojunction and InGaN
homojunction have been extensively studied. However, their efficiencies and performances are still
poor, mainly due to theoretical limits or transparency loss for high bandgap energy InGaN cells as a
result of low In composition and poor crystalline quality of the grown InGaN cells. Although various
efforts have been carried out toward the goal of high efficiency solar cells from different viewpoints,
however, still there are lots of challenges to achieve a high efficiency cell.

The most important challenging task for tandem cell fabrication is to grow high quality InGaN or
INAIN materials with wide range of In content. Among the lll-nitrides, GaN is the most extensively
studied material and comparatively has matured, while the lower band-gap InGaN or InAIN alloys, that
are more useful for device application, are still a topic of fundamental research. The difficulties in
growing high-quality InGaN and InAIN materials can be attributed to a number of problems: for instance,

the large difference in interatomic spacing between InN and GaN or AIN results in a solid phase



miscibility gap [4, 5] and the relatively high vapor pressure of InN as compared to the vapor pressure of
GaN or AIN leading to low indium incorporation in these alloys [6]. In addition, the difference in
formation enthalpies for INN and GaN or AIN causes a strong indium surface segregation on the growth
front [7]. Nevertheless, single crystalline InGaN films with full composition range have been
successfully grown by MBE [8]. The growth of high-quality INAIN seems to be more difficult compared
with InGaN growth because the optimum growth temperatures for INN and AIN are largely different.
The growth of the INAIN film in all composition regions has been realized with MBE [9], while In-rich
InAIN with an In content >32% grown by MOVPE was reported to show phase separation [10]. It is also
expected that the MOVPE growth of INAIN is hindered by the parasitic reaction of TMA and NHs, which
was observed in the MOVPE growth of AIN [11].

In this work, the metal-organic vapor phase epitaxial (MOVPE) growth of InGaN and InAIN is
studied to grow high quality InGaN or InAIN materials with wider range of In content. It is shown that
InGaN films with a full range of In compositions can be grown using MOVPE by optimizing growth
temperature and TMI/(TMI+TEG) molar ratio. The Mg-doping behavior and p-type conduction of
MOVPE InGaN are also studied using Cp.Mg as a Mg source. As a result of detailed investigation of
the growth behavior of MOVPE InAIN including the adduct formation, a single-crystalline InAIN film with
an In content of 0.3-1 are successfully grown by using the atmospheric-pressure MOVPE. Based on
these achievements, an n-InAIN/p-InGaN hetero-structure is successfully prepared and its

photo-response is confirmed for the first time.

2 Experimental procedures

The growth of InGaN and InAIN is performed using a metal-organic vapor phase epitaxy
(MOVPE) system with a horizontal reactor. As sources, trimethyl-indium (TMI), triethyl-gallium (TEG),
trimethyle-alminium (TMA) and ammonia (NH3) are used. As substrates, a-Al,O5(0001) and
GaN/a-Al,O3(0001) templates are used. A 20 nm thick GaN layer grown at 550°C is used as a buffer
for the growth on a-Al,03(0001). In the growth of InGaN, growth pressure is fixed at 150 Torr and
growth temperature is varied from 600 to 900°C. In the growth of INAIN, growth temperature is fixed at
600°C and growth pressure is varied from 76 to 730 Torr. TMI/(TMI+TEG) molar ratio is varied from O

to 1 for the InGaN growth, while TMI/(TMI+TMA) molar ratio is varied from 0.3 to 1 for the InNAIN growth.



The substrates are placed at different positions on the 150 mm-long carbon susceptor. The
composition of grown films is determined by using X-ray diffraction (26/w) patterns. Full width at half
maximum (FWHM) of (0002) X-ray rocking curve, tilt fluctuation, is also measured for grown InGaN
and InAIN. The Mg-doping of MOVPE InGaN is performed using bis-cyclopentadienyl magnesium
(Cp.Mg) as a Mg source. Carrier concentration is measured using the Hall effects with the Van der
Pauw method. As an ohmic contact to p-InGaN, Ni/Au is used. The Mg concentration in InGaN is
measured with the secondary ion-mass spectrometer (SIMS) (outsourced to Toray Research Center,

Inc., Japan).

3 MOVPE growth of InGaN with full composition range

3.1 Growth behavior and composition control of InGaN

Non-doped InGaN films are grown at a growth temperature from 600 to 900°C with a different
TMI/(TMI+TEG) molar ratio. Figure 2 shows the X-ray diffraction 26/w profiles for films grown at 700 °C
at a different substrate position on the 150mm-long (along the gas flow direction) susceptor in the
horizontal reactor. The substrate used here is a GaN/a-Al,O3(0001) template with an AIN buffer.
Metallic In segregation is found for the films grown near the upstream end of the susceptor. In addition
to the main peak marked by an arrow, a sub-peak denoted by “S” is found for the films grown near the
upstream end of the susceptor, indicating phase separation. It is noted that that both phase separation
and metallic In segregation can be suppressed by choosing the substrate position near the
downstream end of the susceptor, as shown in Fig. 2. As reported in literatures, there are many
parameters that affect phase separation in InGaN, such as growth temperature [12], strain in growing
films [12,13], film thickness [14], growth rate [14] or Impurity incorporation [15]. We believe that, through
such parameters, the gas flow near the upstream side indirectly affects the phase separation. Further
investigation will be needed to clarify the thermodynamics for phase separation and metallic In
segregation near the upstream side.

The In composition in single-phase InGaN is changed by varying growth temperature and
TMI/(TMI+TEG) molar ratio. Figure 3 shows the X-ray diffraction 26/w profiles for InGaN with a different
In composition. The films are grown on o-Al,03(0001) with a GaN buffer. As can be seen in this result,

all samples show a distinct single peak of InGaN (0002), indicating that they have no phase separation



and no metallic In segregation. Even for the InGaN with In content of 0.7, no obvious phase separation
is observed, although its diffraction peak is relatively broad. The films with In contents up to 0.4 were
grown by changing growth temperature with a constant TMI/(TMI+TEG) molar ratio 0.45. Those with
an In content from 0.4 to 1.0, on the other hand, were grown by changing TMI/(TMI+TEG) molar ratio
at the same temperature 600°C. Figure 4 shows the growth temperature dependence of In
composition with a parameter of TMI/(TMI+TEG) molar ratio. At 600°C, the In composition in solid
InGaN is very close to that in the gas phase (TMI/(TMI+TEG) molar ratio), showing that the In
composition in solid is controlled by In/(In+Ga) ratio in gas phase. At a growth temperature higher than
700°C, on the other hand, In composition in solid is almost independent on TMI/(TMI+TEG) molar ratio
and is gradually decreased with increasing growth temperature. For example, the InGaN grown at
700°C has In composition of about 0.45 even though the TMI/(TMITEG) molar ratio is high (0.8). In this
growth temperature range (=700°C), thus, In composition in InGaN is almost governed by growth
temperature. This is due to the decomposition of INN component and the consequent evaporation of
metallic In from the growing surface. Thus, growth temperature, as well as TMI/(TMI+TEG) ratio,
should be carefully managed in the growth of In-rich InGaN.

In order to evaluate crystalline quality of InGaN films, tilt fluctuation is measured using X-ray
diffraction method. The results are shown in Fig. 5. The samples with In composition up to 0.4 show
relatively good results; tilt fluctuations less than 50 arcmin. On the other hand, the samples with In
composition from 0.55 to 0.75 show large tilt fluctuations. In Fig. 5 also shown are the data for InN and
InGaN with In content of 0.83. They were grown under the typical growth conditions for InN; at a
pressure of 760 Torr and at a growth temperature of 600°C [14]. Such data are largely deviated from
the results for the InGaN with In composition from 0.55 to 0.75. The major difference between the
present growth conditions and the typical growth conditions for InN is growth pressure. The result
shown in Fig. 5 seems to suggest that InGaN with In composition more than 0.5 should be grown

under the growth conditions similar to those for InN.

3.2 Mg doping and p-type conductivity of InGaN
The Mg-doping for InGaN with In contents 0.1-0.4 has been performed using Cp,Mg as a Mg

precursor. The fiims are grown on GaN/a-Al,O3(0001) templates. Figure 6 shows the carrier



concentration in Mg-doped InGaN as a function of Cp,Mg/(TMI+TEG) molar ratio. When
CpMg/(TMI+TEG) molar ratio is 2-5 %, p-type conduction is achieved for InGaN films with In content
of 0.25-0.4. These samples are grown at 700-750°C. Their hole concentrations are in the order of 10*
cm®. In the previous study [15], Cp,Mg/(TMI+TEG) molar ratio of 4 % or more was needed to get
p-type conduction for InGaN with In content of 0.2. In the present case, on the other hand, p-type
conduction is achieved for InGaN with In content of 0.24 when Cp,Mg/(TMI+TEG) molar ratio is only
2 %. Such an effective Mg-doping in this case is believed to be owing to the improved crystalline quality
of the present samples. The samples with In content of 0.24-0.38 show n-type conduction again when
CpMg/(TMI+TEG) molar ratio is around 7 % or more. Similar behavior has been observed for
Mg-doped GaN [16], indicating that the excess Mg doping leads the formation of donor-type defects in
the crystals. In this study, p-type conduction has not been obtained for the sample with an In content
0.15, which is grown at 800°C. One of the possible reasons for this may be the larger activation energy

for Mg in a sample with a lower In content [17]. The SIMS analysis has been made for Mg-doped
InGaN samples. Figure 7 shows the relationship between Cp,Mg/(TMI+TEG) molar ratio in the gas
phase and Mg concentration in the grown InGaN (measured with SIMS). From this result, one can see
that Mg concentration in grown InGaN is decreased as growth temperature increases, even when a
constant Cp,Mg/(TMI+TEG) molar ratio is supplied. From the results in Fig. 7, a very low Mg
concentration is expected for a sample grown at 800°C. This may be also one of the reasons for the

unsuccessful p-type conduction of the sample grown at 800°C with an In content 0.15. In Fig. 7, one

can also find that the data lines do not pass the origin. For the samples grown at 750 °C, a

Cp,Mg/(TMI+TEG) molar ratio less than 0.25% gives no detectable Mg concentration in the grown

InGaN. Further investigation will be needed to clarify the Mg-doping behavior in InGaN.

4. MOVPE growth of InAIN with intermediate In compositions
4.1 Growth behavior of INAIN and suppression of adduct formation
It is found that the MOVPE growth behavior of InAIN is more complicated compared with the growth

of InGaN. Here, the effects of growth pressure, substrate position and TMA/(TMA+TMI) molar ratio on



the growth of InAIN are shown and discussed. Figure 8 shows the growth pressure dependence of the
thickness of the material deposited on the substrate. Also shown in this figure is XRD intensity of INAIN
peak detected from the deposits. The intensity is normalized by that of the sapphire substrate. As can
be seen in Fig. 8, the XRD intensity ratio is the highest at a pressure 730 Torr, while it is very small at a
pressure around 300-600 Torr in spite of the large thickness of the deposits. Figure 9 shows the typical
surface morphologies (SEM images) of the deposits formed at a different pressure. The surface feature
is markedly different depending on pressure. The deposits consist of small grains are obtained at
730Torr. The thick deposits with micrometer-size grains are obtained at a pressure in the range
380-530Torr. When the growth pressure is further reduced to 76Torr, thin deposits with flat surface are
obtained. Accordingly, it is concluded that the deposits with micrometer-size grains formed at a
pressure around 380-530 Torr, shown in Fig. 9 (b) and (c), scarcely contain INAIN component,
indicating that these deposits are composed of adducts through the parasitic reaction between TMA
and NH; [11].

Figure 10 shows the substrate position dependence of the thickness of the deposited material
formed at a different pressure. One can see that the position where the largest thickness is obtained is
moved from the upstream side to downstream side as growth pressure is reduced. The amount of the
deposits is also decreased with reducing growth pressure. These results are caused by the increase in
the gas flow speed and the consequent decrease of parasitic reaction, since the reduction of growth
pressure results in increase in gas flow speed under the constant gas supply condition. In the case of
the growth at 730 Torr, adducts formation mainly occurs at the upstream side of the susceptor, as
shown in Fig. 10. This is due to the considerably low gas flow speed. When we grow InAIN at the
downstream side (substrate position +25 mm), therefore, a single crystalline InAIN can be obtained
without obstruction of adducts formation, although the Al content in the grown film is much reduced in
this case. The low Al content is due to the TMA consumption by the adduct formation at the upstream
side. This is the reason why we couldn't find adducts formation in the previous study on the InAIN
growth at 730 Torr [18]. Figure 11 shows the growth pressure dependence of Al composition in the
grown INAIN. At a growth pressure in the range of 300-600Torr, single-crystalline InAIN films are not
obtained due to the adduct formation at the substrate position +25 mm. The Al composition increases

with decreasing growth pressure, as seen in the figure. This is due to that the TMA consumption by the



adduct formation is reduced with decreasing growth pressure. Figure 12 shows the substrate position
dependence of Al composition in INAIN films. At a pressure around 730 Torr and at the substrate
position +25 mm, an INAIN with a relatively low Al content is obtained. With decreasing growth pressure
Al composition increases and the gradient of Al composition decreases. This is also due to the reduced
TMA consumption in the parasitic reaction with decreasing growth pressure. That is, with decreasing
growth pressure, more TMA can be delivered to the downstream side. In order to avoid the problems of
the adduct formation, we need to select growth pressure less than 300 Torr or at around 730 Torr or
more, as shown in Fig. 11. In the case of a pressure less than 300 Torr, however, growth rate of InAIN
is very low (less than 0.05 um/h), as shown in Fig. 8. Therefore, the growth at 730 Torr is the most
practical choice to get an InAIN film with a reasonable growth rate (0.5-1 um/h). In this case, substrate
positions on the downstream side should be selected because adduct formation occurs at the

upstream side, as can be seen in Fig. 12.

4.2 Composition control of MOVPE InAIN

In this study, INAIN films with a thickness 0.5-0.8 ym have been grown on nitrided (0001)
sapphire substrates at 600 °C. Due to the reasons described above, a growth pressure of 730 Torr and
the substrate position +25 mm are selected. Figure 13 shows the XRD patterns around (0002)-plane of
INAIN. By changing TMA/(TMA+TMI) molar ratio, InAIN films with a different In composition are
obtained. It is noted that all films prepared here do not show phase separation, although the intensity of
XRD peak for the InAIN is decreased and the FWVHM of the peaks is increased with increasing Al
content. Figure 14 shows the relationship between TMI/(TMA+TMI) molar ratio in the gas phase and Al
content in INAIN. InAIN films with Al content from O to 0.7 are obtained as seen in Fig. 14. The
experimental data are markedly deviated from the line of slope 1. This deviation is due to the TMA
consumption by the adduct formation at the upstream side, as discussed above. The carrier
concentration of INAIN films grown at 600°C at the pressure of 730 Torr is in the range of 2-5 x 10"
cm™ and does not show a marked dependency on Al composition. On the other hand, the mobility
decreases with increasing Al composition; from 200 cm?Vs for InN to 10 cm?Vs for INAIN with Al
content 0.43. The InAIN films with an Al content of 0-0.3 show a PL spectrum even at room

temperature [16]. Although the PL intensity is decreased with increasing Al content, the intensity



difference between InN and InAIN is less than one order of magnitude even for the film with Al content

0.3.

5. Preparation and characterization of p-InGaN/n-InAIN hetero-structures

As described above, we have successfully grown both InGaN films with full composition range and
InAIN films with In content from 0.3 to 1. In order to demonstrate an ability to prepare these different
alloys sequentially, the formation of InAIN/InGaN hetero-structures has been studied. At the substrate
position +25 mm, InGaN and InAIN films have been grown sequentially at 150 Torr and 730 Torr,
respectively. Figure 15 shows the X-ray diffraction 26/w profiles for “Ings7Alp43N on 1Ny 4GaggN” structure
and “Ing4GaggN on Ings7Al43N” structure. The insets in the figure show the surface morphologies (SEM
images) for such samples. When an Ings;Alp4sN film is grown on an Iny,GageN film prepared
beforehand, the hetero-structure is successfully prepared. On the other hand, an Ing4sGaggN film is
grown on an Ings7Alp43N film prepared beforehand, the Ings7Alp43N film is found to be decomposed
during the Ing,GageN growth. This means that the Ings;Alp43N is more unstable compared with the
Ine4GaggN, even though the growth temperature is same for both materials. By using an n-IngsAlg7N
and p-Iny2GaggN films, a heterojunction has been fabricated on a GaN template for the first time. Figure
16 shows (a) the structure of the fabricated device and (b) the current density-voltage characteristics of
the device in the dark and under AM1.5, 100 mW/cm? illumination. The thicknesses of the Mg-doped
p-InGaN and non-doped n-InAIN layers are 1.2 um and 0.1 um, respectively. The device clearly shows
photo-response to the AM1.5. As can be seen in Fig. 5, V.. = 0.25 V and J;.=0.01 mA/cm? are obtained.
Such a low Jsc seems to be due to the large bandgap and the low quality of the films. The low quality of

the INAIN films seems to be also mainly responsible for the low Voc.

6. Summary

The InN-based nitride semiconductor alloys such as InGaN and InAIN are one of a few of the
promising materials for multi-junction solar cell, because a band-gap energy from 0.7 to 2.5 eV can be
realized by changing only the composition of these alloys. In order to prepare such alloys, MOVPE
growth using a horizontal reactor has been applied in this work. It is shown that InGaN films without
phase separation and metallic In segregation can be grown by optimizing gas flow conditions and

substrate position on the susceptor. The In composition in InGaN is controlled by growth temperature
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and TMI/(TMI+TEG) molar ratio and InGaN films with full composition range are successfully obtained.
The Mg-doping behavior and p-type conduction of MOVPE InGaN are also studied using Cp,Mg as a
Mg source. P-type conduction is achieved for InGaN films with In content up to 0.4. A detailed
investigation has been also made of the growth behavior of MOVPE InAIN. The InAIN growth using
NH; and TMA is found to be seriously hindered by the adduct formation based on the parasitic reaction
of NH; and TMA. By choosing the atmospheric-pressure MOVPE and by optimizing substrate
position on the susceptor, a single-crystalline INAIN film with an In content from 0.3 to 1 are successfully
grown. Based on these achievements, an n-InAIN/p-InGaN hetero-structure is successfully prepared

and its photo-response is confirmed for the first time.
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Figure captions
Fig. 1. Relationship between band-gap energy and lattice parameter for typical semiconductor materials. a,
is lattice parameter for diamond-structure or zincblende materials and a,, is a-lattice parameter for wurtzite

materials. For nitrides, \V2a,, is used for the horizontal axis for the convenience of the combination of nitrides

and diamond-structure or zincblende materials.

Fig. 2. X-ray diffraction 26/ profiles for InGaN grown at a different substrate position on the 150mm-long

susceptor (along the gas flow direction) in the horizontal reactor.

Fig. 3. X-ray diffraction 26/w profiles for In,Ga,.,N with a different In content x.

Fig. 4. In composition in InGaN grown at a different temperature with a different TMI/(TMI+TEG) molar ratio.

Fig. 5. Tilt fluctuations of InGaN with a different In composition.

Fig. 6. Electron or hole concentration in Mg-doped InGaN as a function of Cp,Mg/(TEG+TMI) molar ratio.

Fig. 7. Relationship between Cp,Mg/(TMI+TEG) molar ratio and Mg concentration (measured with SIMS) in

grown InGaN.

Fig. 8. Growth pressure dependence of the thickness of deposits and XRD intensity of INAIN peak

normalized by that of sapphire substrate.

Fig. 9. Surface morphologies (SEM images) of the deposited materials on sapphire substrate at a different

pressure (substrate position on the susceptor: +25mm).

Fig. 10. Substrate position dependence of the thickness of the deposit formed at a different pressure.

Fig. 11. Growth pressure dependence of Al composition in INAIN.
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Fig. 12. Substrate position dependence of Al composition in INAIN.

Fig. 13. XRD patterns around (0002)-plane of InAl4N. The samples are grown at a different

TMA/(TMA+TMI) molar ratio at the substrate position +25 mm.

Fig. 14. Relationship between TMA/(TMA+TMI) molar ratio in the gas phase and Al content in grown InAIN.

Substrate position +25 mm.

Fig. 15. X-ray diffraction spectra for “Ing57Alp.43N 0N Ing4GageN” and “Ing4GaggN on Ings7Alg43N” structures.

The insets show the surface morphologies (SEM images) for such samples.

Fig. 16. Schematic drawing of InAIN/InGaN hetero-structure device (a) and current density-voltage

characteristics of the device in the dark and under AM1.5 illumination (b).
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