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We report studies of the hydrostatic pressure dependence of the fundamental 

bandgap of InN, In-rich In1-xGaxN (0 < x < 0.5) and In1-xAlxN (x = 0.25) alloys. The 

bandgap shift with pressure was measured by optical absorption experiments with 

samples mounted in diamond anvil cells. The pressure coefficient is found to be 3.0±0.1 

meV/kbar for InN. A comparison between our results and previously reported theoretical 

calculations is presented and discussed. Together with previous experimental results, our 

data suggest that the pressure coefficients of group-III nitride alloys have only a weak 

dependence on the alloy composition. The photoluminescence signals appear to yield 

significantly smaller pressure coefficients than the bandgap from absorption 

measurements. This is due to emission associated with highly localized states. Based on 

these results, the absolute deformation potentials of the conduction and valence band 

edges are estimated. 
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The recent discovery of the 0.7 eV fundamental band gap of InN [1-5] has 

extended the range of the direct band gaps of group III-nitride alloys into the near 

infrared part of the electromagnetic spectrum. In the view of the newly determined InN 

band gap it has become necessary to reevaluate the composition dependencies of the 

major material parameters of group III-nitride alloys. For instance, studies of the 

composition dependence of the band gaps in In-rich In1-xGaxN and In1-xAlxN alloys have 

led to new values of the bowing parameters that are much lower than those previously 

determined by assuming the band gap of InN to be 1.9 eV [6]. There have been only a 

few experimental studies on the pressure behavior of GaN [7-9], Ga-rich In1-xGaxN alloys 

[8,10] and AlN [11]. Although there is a relatively good consensus on the band gap 

pressure coefficients of GaN and AlN, much less is known about the pressure dependence 

of the energy gaps in In containing group III-nitride alloys. A wide range of band gap 

pressure coefficients has been found even in the most extensively studied Ga-rich In1-

xGaxN alloys [8,10].  To our knowledge, there has been no report on hydrostatic pressure 

studies on the bandgap of InN and In-rich In1-xGaxN and In1-xAlxN alloys.     

In this paper we report results of investigations of the hydrostatic pressure 

behavior of the fundamental bandgaps of InN, In-rich In1-xGaxN (0 < x < 0.5) and In1-

xAlxN (x = 0.25) alloys based on optical absorption and photoluminescence 

measurements.  Together with previous experimental results, our data provide an overall 

picture of the hydrostatic pressure behavior of the fundamental bandgap of group III-

nitride alloys over a large range of compositions.  

The InN film used in this study was 7.5 µm thick and grown by Molecular-Beam 

Epitaxy (MBE) on (0001) oriented sapphire with a GaN buffer layer (250 nm). In1-xGaxN 

(x = 0.17, 0.32, and 0.50) and In1-xAlxN (x = 0.25) films, 240 ~ 300 nm thick, were grown 

with an AlN buffer layer (200 nm). The free electron concentration and mobility of the 

InN film are 3.5 × 1017 cm-3 and 2050 cm2/V⋅s, respectively. The free electron 

concentrations of the InGaN and InAlN films are a few times 1018cm-3, and the mobilities 

range between 50 ~ 500 cm2/V⋅s. The details of the growth process have been published 

elsewhere [12]. X-ray diffraction studies show that high-quality wurtzite-structured 

epitaxial layers formed with their c-axis perpendicular to the substrate surface.  
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The optical absorption measurements were performed using quasi-monochromatic 

light from a halogen tungsten lamp dispersed by a 0.5 m monochromator as the light 

source. An InGaAs photodiode was used as the detector for the InN and In0.83Ga0.17N 

samples and a Ge photodiode was used for the rest of the samples. For the pressure-

dependent optical studies, the sapphire substrates were mechanically thinned down to ~20 

µm, and the samples were cut into small chips ~100 × 100µm2 in size and mounted into 

gasketed diamond anvil cells for the application of hydrostatic pressure. The pressure 

medium was a mixture of ethanol and methanol (1:4). The applied pressure was 

calibrated by the standard method of monitoring the red shift of the ruby R1 

photoluminescence (PL) line. For pressure-dependent PL measurements, the PL signals 

were generated in the backscattering geometry by excitation with the 476.5 nm line of an 

argon laser. The emission is dispersed in a 1 m double-grating monochromator and 

directed to a liquid nitrogen-cooled Ge detector.  

 Fig. 1 shows the absorption curves (linear absorption coefficient squared) of the 

InN sample at hydrostatic pressures up to 69 kbar. The absorption edge is determined by 

extrapolating the nearly linear region down to the base line. The absorption coefficient 

increases from the base line to ~6000 cm-1 at 0.03 eV above the absorption edge. This 

rate is comparable to the rate of increase of the absorption coefficient of semi-insulating 

GaAs: ~ 9000 cm-1 at Eg + 0.03 eV [13]. The weaker absorption in InN might be due to 

the lack of excitonic enhancement of the band-edge absorption. The absorption edge 

shows a strong blue shift from 0.63 eV at ambient pressure to 0.84 eV at 69 kbar. The 

absorption curves shift in a parallel fashion without significant changes in the lineshape, 

indicating that the high crystal quality is preserved within the range of the applied 

pressure.  

Fig. 2 shows the pressure dependence of the absorption edges of all InN, InGaN, 

and InAlN samples investigated. The error bars of the absorption data originate in the 

uncertainty in the extrapolation of the absorption curves down to the base line. For 

comparison to the absorption data, the PL peak energy is also shown as a function of 

pressure for InN and In0.5Ga0.5N. Both the absorption edges and the PL peaks show a 

linear dependence on the hydrostatic pressure, but the dependence of the PL peaks is 

much weaker. From a least-square linear fit of the absorption data, the pressure 
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coefficient of the bandgap of InN is found to be 3.0±0.1 meV/kbar, five times larger than 

the pressure coefficient of the PL peak (~0.6 meV/kbar) that has been published 

previously [3]. 

The residual strain in the epilayer due to lattice-mismatch to the substrate could 

have an effect on the pressure behavior. If the nitride film attaches pseudomorphically to 

the sapphire substrate, which has a larger bulk modulus, the sample could experience a 

lower effective pressure than applied. In Ref. [3], a correction factor of 1.45 was 

estimated assuming a coherently strained InN film on sapphire. However, our InN sample 

(7.5 µm) has been shown to be fully relaxed by high-resolution transmission electron 

microscopy and reciprocal space mapping (RSM). In fact, studies show that in MBE 

grown InN film on GaN buffer layers the residual strain falls off quickly with thickness 

[14,15]. It has been reported that the InN films are fully relaxed after a few bilayers on 

GaN [14] or above 35 nm on sapphire [16] during growth. The In1-xGaxN and In1-xAlxN 

films grown on AlN buffer layers are also expected to be fully relaxed based on RSM 

measurements performed on selected samples. This is not surprising considering the large 

film thickness (>240nm, which corresponds to >800 bilayers in c-axis) and the large 

lattice mismatch between the AlN buffer layers and the In-rich nitride alloys. Therefore, 

the strain effect of the films will be neglected in the following discussion. 

The pressure coefficients are summarized in Fig. 3 for InN, AlN, GaN and their 

ternary alloys. The data include our work and previous reports of the pressure coefficients 

from theoretical calculations [17,18] and experiments [3,8,10,11]. As seen in Fig. 3, the 

pressure coefficients of the bandgap of In1-xGaxN alloys are very closed to that of pure 

InN and fall in between the theoretical predictions by Wei et al. [17] and Christensen et 

al. [18]. Considering the pressure coefficient of GaN to be ~4meV/kbar [8], the pressure 

coefficient of the In1-xGaxN alloy system increases with increasing x at a low rate of about 

0.01 meV / kbar per % Ga mole fraction. The pressure coefficient of In0.75Al0.25N is 

closer to the calculation of Christensen and Gorczyca [18] in value, but the trend (slope) 

of the pressure coefficient with respect to increasing Al composition shows a better 

agreement with the calculations of Wei and Zunger [17]. The slope extrapolates to a 

value of ~5 meV/kbar at x = 1 that is very close to the pressure coefficient of AlN 

determined from absorption experiments [11]. The pressure coefficient for the InAlN 
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system thus has a composition dependence of about 0.02 meV/kbar per % of Al fraction. 

The small magnitude of the pressure coefficients of group III nitrides as compared to 

other III-V compounds (for example the GaAs pressure coefficient is dEg/dP = 11 

meV/kbar [19]) can be attributed to their higher ionicity (GaAs Phillips ionicity fi = 0.31 

while GaN fi = 0.50 [20]). It has been found that in group III-V semiconductors, higher 

ionicity leads to smaller pressure coefficients [21]. The trend applies to group-III nitrides, 

among which larger cations give higher ionicity (AlN fi = 0.449, GaN fi = 0.500, and InN 

fi = 0.578 [20]) and thus smaller pressure coefficients.  

The large difference between the pressure coefficients of the absorption edge and 

the PL peak shows the limitation of pressure studies using PL spectroscopy. Similar 

differences, previously reported in PL studies of Ga-rich In1-xGaxN alloys [8,10], are 

shown in Fig. 3. In Ref. [10], the influence of built-in biaxial strain and quantum 

confined Stark effect due to an internal piezoelectric field were proposed to explain the 

smaller PL pressure coefficient in cubic InGaN. However, neither hypothesis can explain 

the small PL pressure coefficient in pure InN. A small pressure dependence of the PL 

signal suggests that the photon emission involves a radiative recombination associated 

with highly localized states. Localized states are a superposition of states from the entire 

Brillouin zone and exhibit much weaker pressure dependences than the conduction band 

states at the Γ point [22,23]. On an absolute energy scale, the energy levels of such states 

are expected to be constant [24,25]. This assertion is confirmed by results shown in Fig. 

4, which display the PL peak energies of In1-xGaxN alloys as a function of Ga 

composition on an absolute energy scale. The absolute energy scale is plotted by 

accounting for the valence band offset between InN and GaN, which has been determined 

to be 1.05 eV by X-ray photoemission spectroscopy [26]. As seen in Fig. 4, the PL peak 

energy is essentially independent of the alloy composition and the conduction band 

minimum (CBM). The energy level of the localized states is close to the CBM in InN. If 

we assume that the localized levels are independent of pressure and that the slow increase 

of the PL peak is due to the downward shift of the valence band maximum (VBM), the 

absolute pressure coefficients for the CBM and the VBM of InN are dEc/dP = 2.4 

meV/kbar and dEv/dP = -0.61 meV/kbar respectively. Based on the bulk modulus of InN 

of 1480 kbar [27], the absolute deformation potentials are dEc/dlnV = -3.6 eV and 



 6

dEv/dlnV = 0.92 eV respectively. The above values are larger than those calculated in Ref 

[17] (dEc/dlnV = -2.02 eV and dEv/dlnV = 0.73 eV). Similarly, from our results the 

absolute deformation potentials of In0.5Ga0.5N are estimated to be dEc/dlnV = -4.3 eV and 

dEv/dlnV = 1.4 eV.  

 In conclusion, we have presented results of hydrostatic pressure studies of the 

fundamental bandgap of InN, In-rich In1-xGaxN (0 < x < 0.5) and In1-xAlxN (x = 0.25) 

alloys. The pressure dependences of the bandgaps are measured by optical absorption 

spectroscopy in a diamond anvil cell. The pressure coefficient of InN is determined to be 

3.0±0.1 meV/kbar. A comparison between our results and previously reported theoretical 

calculations is presented and discussed. Our data and previous experimental results 

suggest that the pressure coefficients of group III nitride alloys are only weakly 

dependent on alloy composition. The pressure coefficients determined from PL are 

significantly smaller than those of the bandgap due to emission associated with highly 

localized electron states. The absolute deformation potentials of the CBM and VBM are 

estimated.  
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AC03-76SF00098. The work at Cornell University is supported by ONR under Contract 
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Figure Captions 

 

Fig.1 Absorption curves (linear absorption coefficients squared) of InN taken at room 

temperature for different hydrostatic pressures.  

 

Fig.2 Bandgap energies as a function of pressure. The straight lines show least square 

linear fits. The pressure dependence of the PL peak of two samples is also shown. The PL 

data of InN are from ref [3]. 

 

Fig.3 Pressure coefficients of group III nitride alloys. Results of previous experiments 

[3,8,10,11] and calculations [17,18] are also shown for comparison. (Cal = calculation, 

Abs = optical absorption, PL = photoluminescence) 

 

Fig.4 PL energies as a function of Ga composition on the absolute energy scale. The 

conduction band and valence band offset between InN and GaN is taken into account. 

Shown in the insert are the actual PL spectra of alloys with various Ga compositions.  
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