Fermi level stabilization energy in group I11-nitrides
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Abstract

Energetic particle irradiation is used to systematically introduce point defects into
In;«GayN alloys over the entire composition range. Three types of energetic particles
(electrons, protons, and *He") are used to produce a displacement damage dose spanning
five decades. In InN and In-rich InGaN the free electron concentration increases with
increasing irradiation dose but saturates at a sufficiently high dose. The saturation is due
to Fermi level pinning at the Fermi Stabilization Energy (Egs), which is located at 4.9 eV
below the vacuum level. Electrochemical capacitance-voltage (ECV) measurements
show that the pinning of the surface Fermi energy at Eps is also responsible for the
surface electron accumulation in as-grown InN and In-rich InGaN alloys. The results are

in agreement with the amphoteric defect model that predicts that the same type of native

defects are responsible for the Fermi level pinning in both cases.
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The discovery of the narrow bandgap of InN at ~0.7eV [1,2] extends the range of
the direct gaps of group IlI-nitride alloys into the near infrared spectral region and creates
the potential for new applications such as tandem solar cells [3]. An intense research
effort has been aimed at elucidating the details of the electronic and optical properties of
InN and In-rich group IlI-nitride alloys. The low value of the bandgap of InN has been
confirmed by many research groups using a variety of experimental techniques [4-7].
There have been also a number of reports which argue for the bandgap values in the
range from 1.2 to 1.5 eV [8,9]. It should be noted however that all InN and In-rich
InGaN films are n-type as grown, with electron concentrations ranging from mid 10" to
high 10°” cm™. Thus, in many instances the larger apparent values of the bandgap could
be attributed to the Burstein-Moss shift of the optical absorption edge resulting from the
occupation of conduction band states by free electrons [10].

The exceptional propensity of InN for n-type doping is consistent with the recent
finding that the pinning of the surface Fermi level well above the conduction band edge
(CBE) leads to a large surface electron accumulation [11,12]. Since the pinning energy
has been found to be independent of the surface preparation conditions, native donor
defects are the most likely source of the surface electrons. The above results indicate that
native defects play a crucial role in determining the electronic properties of InN and In-
rich group IlI-nitride alloys.

In this paper we report on investigation of the effects of intentionally introduced
defects by high energy particle irradiation on the electronic properties of InN and In;.
xGaN alloys. We show that the incorporation of native point defects in the bulk or on the

surface is controlled by the location of the Fermi energy relative to a common energy



reference — the Fermi level stabilization energy (Egs) [13,14]. Based on our results, the
extreme propensity of InN and In-rich InGaN alloys for n-type doping can be explained
by the relative position of Egs to the band edges.

Epitaxial InN and In;xGayN thin films (310-2700 nm thick) used in this study
were grown on c-sapphire substrates by molecular beam epitaxy (MBE) with a GaN
(~200 nm thick) buffer layer [15]. The initial free electron concentrations in these
samples as measured by Hall Effect ranged from the low 10" cm™ to low 107 cm™ and
the mobility ranged from 7 cm?V's (x = 0.76) to above 1500 cm?/Vs (x = 0). A
MOCVD-grown GaN sample (3 um thick) with electron concentration of 7.74x10"" cm™
and mobility of 189 ¢cm?/V's was used. An n-type GaAs samples (10-13pm thick,
ne~8x10'° cm™) was also included in this study.

The samples were irradiated with 1 MeV electrons, 2 MeV protons, and 2 MeV
*He" particles. The fluences of electrons ranged from 5x10" to 1x10'” cm™ and those of

2. In all cases, the

protons and *He" particles were between 1.12x10'* and 2.68x10'® cm
particle penetration depth greatly exceeded the film thickness, assuring a homogeneous
damage distribution. Ion channeling spectroscopy showed that the minimum yield ¥
increased from 0.04 in an as-grown InN sample to merely 0.11 after “He" irradiation with
a dose of 1.8x10'° cm™, indicating that the InN film remains single crystalline in spite of
the high concentration of radiation-induced defects. X-ray diffraction analysis revealed
that after *He" irradiation with a dose of 2.68x10'® cm™ the lattice parameter of the film
increased by 0.02 A (0.35%), suggesting that point defects rather than extended defects

are responsible for the observed changes in electrical and optical properties of the

irradiated materials.



We used the displacement damage dose methodology developed by the Naval
Research Laboratory for modeling solar cell degradation in space environments to scale
the irradiation damage [16,17]. The displacement damage dose (Dg, in units of MeV/g) is
defined as the product of the non-ionizing energy loss (NIEL) and the particle fluence.
For the films irradiated here, the NIEL was either obtained from the tables in Ref. 16 (for
electron irradiation) or from the SRIM (the Stopping and Range of Ion in Matters)
program [18] (for proton and “He" irradiation as detailed in Ref. 17).

To avoid problems with sample inhomogeneity and variations in the properties of
the metal contact in the Hall measurements, the evaluation of the proton and *He"
particle-irradiated samples were done sequentially at progressively higher radiation doses
on the same samples. Near-surface carrier concentration profiles of InGaN were
measured with the Electrochemical Capacitance-Voltage (ECV) technique with 0.2M
NaOH: EDTA as the electrolyte.

Figure 1 shows the electron concentrations of the irradiated InN, Ing4GaggN,
GaAs, and GaN as functions of displacement damage dose Dy. Irradiation increases the
free electron concentrations in InN and Ing4GaosN. A larger increase is found in InN
where the electron concentration rises by a factor of about 300. At Dy exceeding 10"
MeV/g, the electron concentrations saturate at a level that depends on the alloy
composition. In contrast, irradiation reduces the free electron concentrations in GaN and
GaAs. At Dy higher than about 10" MeV/ g, the electron concentration in GaN decreases
rapidly. The radiation-induced reduction of the free electron concentration in GaAs,
which has been a well-established observation, occurs at a lower Dy of mid-10"? MeV/g.

It is important to note that although all three nitride samples had very similar starting



electron concentrations, the irradiation had a profoundly different effect on their
properties. The observed increase of electron concentration in InN and Ing 4Gag ¢N shows
that the damage creates donor-like defects. On the other hand, the reduction of the
electron concentration in GaN and GaAs clearly demonstrates that acceptors are the
dominant radiation-induced defects in these materials.
Our results can be readily understood, using the amphoteric defect model [13,14].

Figure 2 shows the conduction band edge (CBE) and the valence band edge (VBE)
energies relative to the vacuum level in In;xGayN, GaAs and GagsIngsP. Both GaAs and
GayslngsP are important materials in current state-of-the-art tandem solar cells. Also
shown is the Fermi level stabilization energy, Ers, which is located at 4.9 eV below the
vacuum level. It is important to note that the value of the electron affinity of InN (5.8 eV)
is larger than that of any other semiconductor. This unique location of the CBE explains
the extreme n-type activity and the effect of defects on the properties of InN. Since Eps is
located high in the conduction band (~0.9 eV above the CBE), native donors are the
dominant defects introduced by irradiation damage, and, at large doses, these defects
push the Fermi energy (Er) towards Ers. When the damage is sufficiently high, the
electron concentration saturates at a certain value (which we call Ng) as Er reaches Eps.
At this point acceptor- and donor-like defects are incorporated at the same rate and
compensate each other. The Fermi level is pinned at Egs and it does not change with
further radiation damage. For In;.xGaxN alloys, as X increases (more Ga), the CBE moves
closer to Eps, which results in a lower value of Ns. In In;«GayxN with a Ga fraction higher
than 66%, Egs falls below the CBE, i.e., inside the bandgap. In pure GaN, Egs is located

~0.7¢V below the CBE; therefore, in an n-type sample E lies above Eps and radiation-



induced native defects are of acceptor-like character and are expected to compensate the
donors, reducing the electron concentration. This is indeed what is observed in Fig. 1 for
GaN. The same effect is expected (and observed) in n-type GaAs; in this case irradiation
moves Er into the lower half of the band gap, resulting in highly resistive material.

To quantify the effect of the particle irradiation on the electron concentration, we

calculated Ng using the following expression [19] for a nonparabolic conduction band
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where m* is the band edge effective electron mass, Ec is the energy of the CBE, and E, is
the bandgap. An additional important factor is the band-gap renormalization effect [20].
At sufficiently high electron concentrations electron-electron and electron-ion
interactions can significantly reduce the fundamental bandgap. Here both effects
contribute to the shift of the CBE whereas the energy of the defect level is affected only
by the electron-ion interaction. Consequently the net shift of the CBE with respect to the
localized defect level is given only by the electron-electron interaction.

Ns values of InN and Ing4Gag¢N calculated from Equation (1) are marked as
dotted lines in Fig. 1. They are in good agreement with the observed saturated electron
concentration. Calculated values of Ng are plotted as a function of alloy composition in
Fig. 3. In the calculation, m* is extrapolated linearly between InN and GaN and a
bowing parameter of 1.43 eV is used to calculate the bandgap. The calculations are in
excellent agreement with experimental Ng values obtained from a number of InjxGayN

samples (0 < X < 0.76) after heavy irradiation (Dgq > 10'° MeV/g).



Our results show that, as predicted by the amphoteric defect model, incorporation
of a high concentration of point defects stabilizes the Fermi energy at Egs. It has been
demonstrated before that the same effect is responsible for the pinning of the Fermi
energy on the semiconductor surfaces [13,14]. To test this assertion we carried out
measurements of the surface accumulation effect in InGaN alloys using the ECV
technique. In this method a potential is applied across the electrolyte/semiconductor
interface to probe the charge distribution below the semiconductor surface. A Helmholtz
double layer, formed in the electrolyte, acts as an insulator whose capacitance can be
changed by varying the applied bias [21]. Charge density can be obtained from the
capacitance and applied bias [22]. The electron concentration profiles of a number of In;-
xGayN alloys and their endpoint compounds (InN and GaN) are shown in Fig. 4. For
comparison the calculated Ns and bulk electron concentration measured by Hall effect are
also shown. The profiles of the charge distribution in the samples with X < 0.6 clearly
show an electron accumulation layer near the surface. For these samples, the carrier
concentration decreases away from the surface and reaches its bulk value at the depth of
few nm below the surface. The profiles also indicate that the surface accumulation effect
weakens as the Ga fraction increases. As seen in Fig. 4, no surface accumulation is
observed in GaN; a flat charge profile is seen with a concentration approximately equal to
the bulk electron concentration.

The good agreement between the surface electron concentrations and the radiation
damage-stabilized Ns indicates that in both cases the same, most likely vacancy-like,
defects are responsible for the stabilization of the Fermi energy. This is the first

experimental evidence that the amphoteric defect model, which has been successfully



used to describe defect behavior in standard III-V semiconductors, is also applicable to
group IlI-nitride alloys. Using known band edge alignments [23] we can position Egg in
all group Ill-nitrides. For instance, in Ini.yAlyN alloys Efs falls below CBE for y > 0.29,
whereas at the AIN end point it is located 2.7 eV below CBE.

In conclusion, we have shown that the incorporation of high concentration of
native defects produced by high energy particle irradiation stabilizes the bulk Fermi
energy in InjxGayN alloys. The stabilized energy is the same as the surface Fermi level
pinning energy in In-rich In;.xGayN. Its position ranges from 0.9 eV above the CBE in
InN to about 0.7 eV below the conduction band edge in GaN. The results confirm the
applicability of the amphoteric defect model to the group IlI-nitride alloys.
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Figure Captions:

Fig. 1: Electron concentrations in InN, Ing4GagsN, GaN, and GaAs as a function of
displacement damage dose (D4). Damage ranges produced by the three energetic
particles: electron, proton, and “He" are shown. Also marked is the calculated Ns (see text)

for InN and Ing 4Gag ¢N.

Fig. 2: Positions of the valence band maxima and conduction band minima for InGaN
alloys, GaAs, and GagslngsP. The Fermi stabilization energy (Egs) at Ey,c-4.9 €V is also

shown.

Fig. 3: The calculated Ns (solid line) and experimental saturation electron concentrations
(square dots) after heavy irradiation (Dgq > 10'® MeV/g) as function of alloy composition.
A calculation performed without considering the electron-electron interaction is also

shown (dotted line).
Fig. 4: ECV measurements of the electron concentration depth profile in InGaN alloys

and their endpoint compounds are plotted together with their corresponding Ng values.

The bulk carrier concentrations, determined from Hall Effect, are shown in the legend.
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