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Abstract: Cu3N with a cubic crystal structure is obtained in this paper by the sputtering of Cu
under N2 followed by annealing under NH3: H2 at 400 ◦C, after which it was doped with iodine
at room temperature resulting into p-type Cu3N with hole densities between 1016 and 1017 cm−3.
The Cu3N exhibited distinct maxima in differential transmission at ~2.01 eV and 1.87 eV as shown
by ultrafast pump-probe spectroscopy, corresponding to the M and R direct energy band gaps in
excellent agreement with density functional theory calculations, suggesting that the band gap is clean
and free of mid-gap states. The Cu3N was gradually converted into optically transparent γ-CuI that
had a hole density of 4 × 1017 cm−3, mobility of 12 cm2/Vs and room temperature photoluminescence
at 3.1 eV corresponding to its direct energy band gap. We describe the fabrication and properties of
γ-CuI/TiO2/Cu3N and γ-CuI/Cu3N p-n heterojunctions that exhibited rectifying current-voltage
characteristics, but no photogenerated current attributed to indirect recombination via shallow states
in Cu3N and/or deep states in the γ-CuI consistent with the short (ps) lifetimes of the photoexcited
electrons-holes determined from transient absorption–transmission spectroscopy.

Keywords: copper nitride; copper iodide; semiconductors; p-type doping; p-n heterojunctions

1. Introduction

Cu3N is an indirect energy band gap semiconductor, in which crystal imperfections,
such as N vacancies (VN) and Cu interstitials (Cui), do not give rise to mid-gap states, but
instead electronic states that are energetically located very close or inside the conduction
and valence band edges, respectively. Consequently, it has been described as a defect
tolerant semiconductor and proposed to be used as an absorber material for the fabrication
of p-n junction solar cells [1], considering that n- and p-type doping is also possible.
Furthermore, it has an anti-ReO3 cubic crystal structure in which ions can be stored at its
center making it suitable for batteries so it is still an active topic of investigation for energy
conversion and storage [2].

In the past, Cu3N has been obtained mostly by reactive sputtering of Cu under
N2 in conjunction with Ar, which enables control over its stoichiometry. For instance,
Birket et al. [3] prepared Cu3N by sputtering of Cu under Ar and N2, but recently we
obtained Cu3N from Cu on fused SiO2 (f-SiO2) under a flow of NH3: O2 between 400 ◦C
and 600 ◦C similar to Matsuzaki et al. [4]. Interestingly, we observed the M and R direct
energy band gaps of Cu3N by ultra-fast pump-probe spectroscopy (UPPS) [5], confirming
that Cu3N has a ”clean” energy band gap with no mid-gap states. Whille there are many
investigations on n-type doping of Cu3N, only a few have considered p-type doping, such
as the one conducted by Matsuzaki et al. [4] who showed that p-type Cu3N can be obtained

Electron. Mater. 2022, 3, 15–26. https://doi.org/10.3390/electronicmat3010002 https://www.mdpi.com/journal/electronicmat

https://doi.org/10.3390/electronicmat3010002
https://doi.org/10.3390/electronicmat3010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronicmat
https://www.mdpi.com
https://orcid.org/0000-0001-9820-8552
https://orcid.org/0000-0002-6933-2674
https://doi.org/10.3390/electronicmat3010002
https://www.mdpi.com/journal/electronicmat
https://www.mdpi.com/article/10.3390/electronicmat3010002?type=check_update&version=1


Electron. Mater. 2022, 3 16

via the incorporation of interstitial F. Alternatively, S and Se can be used to control the
carrier type [6,7].

To the best of our knowledge, no one has investigated the properties of I: Cu3N and
its gradual conversion into γ-CuI despite the fact that Cu3N has been converted into γ-CuI
previously by exposure to iodine in a one-step process [8,9]. One of the advantages of using
iodine is that it has a low melting point of 114 ◦C and a corresponding high vapor pressure
of 10 kPa, but more importantly it is not so toxic compared to fluorine. Moreover, the ability
to obtain p-type Cu3N by doping with iodine is not just interesting from a fundamental
point of view, but also important for the realization of p-n homojunction solar cells, e.g., by
selective compensation of n-type Cu3N. Furthermore, the conversion of Cu3N into γ-CuI is
important for the realization of devices as γ-CuI is a highly transparent, p-type semicon-
ductor, with a direct energy band gap of 3.2 eV that has been used extensively in perovskite
solar cells [10], organic solar cells [11], dye sensitized [12], silicon solar cells [13], light emit-
ting diodes [14], transistors [15], and thermoelectric devices [16]. Consequently, one may
obtain p-n heterojunctions [17–19] using p-type γ-CuI in conjunction with n-type Cu3N.

It is important to emphasize that, although Cu3N has been described to be a defect
tolerant semiconductor that is attractive as a solar cell absorber, no one as yet has actually
fabricated a working p-n junction solar cell using Cu3N. In the past, Chen et al. [20]
fabricated a p-n Cu3N homo junction on indium tin oxide (ITO) and Yee et al. [21] fabricated
an Al: ZnO/ZnS/Cu3N p-n heterojunction, both of which showed rectifying behavior,
but no photo generated current. On the other hand, however, Yu et al. [22] fabricated
Ag/Cu3N/ITO and Ag/Mn: Cu3N/ITO devices that had a high photocurrent response
and exhibited linear IV characteristics in the dark and light, but they did not fabricate a p-n
junction exhibiting rectifying properties and photovoltaic action.

In this paper, we consider the structural, electrical and optical properties of I: Cu3N
and γ-CuI in conjunction with density functional theory (DFT) calculations of the electronic
band structure in order to advance our understanding of these semiconductors and also
show how p-type γ-CuI and n-type Cu3N may be combined to form γ-CuI/Cu3N p-n
heterojunctions exhibiting rectifying current-voltage characteristics.

2. Materials and Methods
2.1. Experimental Proceedure

Initially, 60 nm of Cu3N was deposited on f-SiO2 by reactive sputtering of a Cu target
using pure N2 at 10−2 mbar. The Cu3N was subsequently annealed at 400 ◦C for 30 min
under 300 mL/min of NH3 and 15 mL/min H2 using a ramp rate of 30 ◦C/min in order to
improve its crystal quality. The doping and gradual conversion of Cu3N into γ-CuI2 was
carried out using 10 mg of iodine (I2) inside a Petri dish at room temperature for 20 up to
200 s.

The morphology, composition and crystal structure of the I: Cu3N and γ-CuI were
investigated by scanning electron microscopy (SEM, Tescan, Brno, Czech Republic), energy
dispersive X-ray analysis (EDX) and X-ray diffraction (XRD) (Rigaku Mini Flex).

The electrical properties were measured by the Hall effect in the van der Pauw geome-
try at room temperature using a 0.5 T GMW 3470 electromagnet in conjunction with a Keith-
ley 2635A constant current source, 2182 Nano voltmeter (Keithley, Cleveland, OH, USA).

The optical properties and in particular the time evolution of the differential trans-
mission (dT/T) through the I: Cu3N and γ-CuI deposited on f-SiO2 were measured on a
ps time scale in a typical pump–probe configuration using a pump of λPU = 400 or 260 nm
and a probe that varied between λPR = 450 nm and 750 nm, as described in detail pre-
viously [5]. For completeness, the photoluminescence (PL) of the γ-CuI was measured
between 77 and 300 K. The PL was measured using a coherent, high repetition rate ultrafast
amplifier, centered at 800 nm that generated 75 fs pulses at 250 kHz. The fundamental light
at 800 nm was tripled at 266 nm using barium borate crystals. The sample was loaded in a
Janis closed cycle refrigerator and the PL emission was directed into an Andor spectrometer
equipped with an iStar intensified CCD camera.
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2.2. Theoretical

The density functional theory (DFT) calculations were performed using the Vienna
Ab initio Simulation Package (VASP) [23,24] with Projector Augmented-Wave (PAW) pseu-
dopotentials [25,26] using Perdew–Burke–Ernzerhof Generalized Gradient Approximation
functionals (PBE-GGA) [27]. The DFT + U method was employed via the approach intro-
duced by Dudarev et al. [28]. The +U potential was applied only to the d electrons of Cu
and the Ue f f parameter was set at 7.64 eV, which is a value that was found to accurately
reproduce the experimental bandgap of Cu3N [5]. The energy cut-off of the plane-wave
basis set was 520 eV. We used 5 × 5 × 5 500-atom cubic Cu3N, fully relaxed supercells, for
the calculations and the Brillouin zone was sampled using a Γ-centred 2 × 2 × 2 mesh.
The defect formation energies were calculated according to the methodology described
by Freysoldt et al. [29]. For Cu-rich conditions, the chemical potential of Cu was assumed
to be µCu = ECu,bulk and consequently the chemical potentials of N and I were calculated
by µN = ECu3 N,bulk − µCu and µI = ECuI,bulk − µCu, which were also for N-rich and I-rich
conditions, where the energies of the N2 dimer, pyramidal I3N molecules and I in its
orthorhombic phase were taken into account.

3. Results
3.1. Structural, Electrical and Optical Properties of p-Type I: Cu3N and γ-CuI

Initially, Cu3N was deposited by reactive sputtering of Cu under pure N2 on f-SiO2
for the purpose of measuring the optical and electrical properties, but the f-SiO2 was not
heated during the deposition. The Cu3N layers obtained in this way did not exhibit any
distinct peaks in the XRD suggesting a poor crystal quality, so they were annealed under
NH3: H2 at 400 ◦C for 30 min in order to improve their crystallinity and a typical SEM
image is shown in Figure 1a. The Cu3N layers exhibited well resolved peaks after annealing
corresponding to the cubic crystal structure of Cu3N as shown in Figure 1b. As expected,
we did not detect any peaks related to CuO or Cu2O as we included H2 along with the NH3.
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Figure 1. (a) SEM image of Cu3N after annealing at 400 ◦C for 30 min under NH3: H2; inset shows
γ-CuI after the complete conversion of Cu3N under I2 for 200 s. (b) XRD traces obtained from Cu3N
after annealing, i.e., bottom trace, and I: Cu3N obtained by iodization for 20 s and 120 s; top trace
corresponds to γ-CuI. (c) EDX of I: Cu3N and (d) section of XRD between 2θ = 23 and 25◦ showing
the shift of the (100) peak of Cu3N that occurs upon the incorporation of iodine corresponding to a
strain of ~1%.

The ability to obtain n- and p-type Cu3N via the incorporation of specific impurities is
an attractive feature of Cu3N that is important for the realization of p-n junction solar cells.
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Recently, Matzusaki et al. [4] showed that p-type Cu3N layers with a room temperature
hole density between 1016–1017 may be obtained via the intentional incorporation of F.
Another way to obtain p-type Cu3N is via the incorporation of iodine. Consequently, p-type
Cu3N layers were obtained by the exposure of the Cu3N layers to iodine for 20 s at room
temperature. This did not change the surface morphology of the Cu3N, which looked
very similar to that in Figure 1a. The incorporation of iodine for 20 s resulted into the
formation of p-type Cu3N with a hole density of 2 × 1016 cm−3 and mobility of 24 cm2/Vs,
but we did not observe the formation of γ-CuI alongside Cu3N, as shown by the XRD in
Figure 1b. We found that the hole density increased from 2 × 1016 cm−3 to 6 × 1016 cm−3

and then 1.1 × 1017 cm−3 by increasing the exposure of the Cu3N layer to iodine from 20 to
60 and 100 s, respectively, at room temperature. These hole densities did not change after a
24 h long exposure to the ambient. We find that the extended incorporation of iodine in
Cu3N at room temperature over 120 s resulted in the formation of γ-CuI alongside Cu3N
as shown in Figure 1b. Now, γ-CuI has a zinc blended crystal structure, with a lattice
constant of a = 0.608 nm. In contrast, the Cu3N has a cubic crystal structure with a lattice
constant of a = 0.38 nm. As such, the conversion of certain regions of Cu3N into γ-CuI
will result into a significant expansion of the lattice imposing strain on the Cu3N. This is
manifested by the gradual shift of the (100) peak of Cu3N shown in Figure 1d that occurs
upon the incorporation of iodine. An overall shift of −0.26◦ is observed that is nearly
identical to the shift of 2θ = −0.28◦ observed in the case of the (200) peak of Cu3N and that
corresponds to a strain of ~1%. The Cu3N was eventually converted into γ-CuI, as shown
by the suppression of the peaks belonging to Cu3N in the trace at the top of Figure 1b.
It should be noted here that the conversion of Cu into γ-CuI involves the oxidation of
Cu from Cu0 to Cu+1. In contrast, the conversion of Cu3N into CuI just involves the
replacement or substitution of N with I given that Cu3N is composed of Cu+1 and N+3.
This reaction occurs at room temperature so the Cu3N may be gradually converted into an
optically transparent γ-CuI in a highly controllable fashion. A typical SEM image of the
γ-CuI obtained from Cu3N after complete conversion over 200 s is shown as an inset in
Figure 1a. The γ-CuI had a hole density of 4 × 1017 cm−3 and mobility of 12 cm2/Vs, which
falls in the range 0.5–50 cm2/V·s [10,14] of hole mobilities found previously for γ-CuI. In
addition to measuring the structural and electrical properties of the I: Cu3N and γ-CuI, we
also measured their optical properties by UPPS. The I: Cu3N exhibited distinct spectral
features at ~660 nm (≡1.87 eV) and 617 nm (≡2.01 eV) as measured by UPPS and shown
in Figure 2a,b. These correspond to the M and R direct energy band gaps of bulk-relaxed
Cu3N similar to what we have observed previously for Cu3N obtained from Cu under
NH3: O2 [5], but here we do not observe the duo of higher energy peaks that were recently
attributed to the formation of strained Cu3N arising in connection with surface oxidation
upon exposure to the ambient [30].

However, the extended incorporation of iodine for 120 s lead to the emergence of
an additional maximum in differential transmission at ~420 nm (≡2.95 eV), as shown in
Figure 2c,d. The higher energy maximum observed in Figure 2d is not related to γ-CuI
itself, but to the emergence of strained regions of Cu3N due the lattice expansion of γ-
CuI as explained above. We find that the total conversion of Cu3N into γ-CuI leads to a
suppression of all the maxima shown in Figure 2 and the emergence of a single maximum
in differential transmission at ~420 nm (≡2.95 eV), as shown in Figure 3a,b. This sharp
peak at ~420 nm (≡2.95 eV) is consistent with the direct energy band gap of γ-CuI, which
is an optically transparent p-type semiconductor. Given that Cu3N is an indirect gap
semiconductor, it shows no PL, but the γ-CuI is a direct gap semiconductor that exhibited
PL at 3.1 eV and also a broad emission between 1.55–2.06 eV (≡800–600 nm) at room
temperature, as shown in Figure 3c,d. The PL at 3.1 eV is attributed to band-to-band
radiative recombination of photo excited electron hole pairs, as shown in Figure 4a, while
the broad emission is attributed to radiative recombination via mid gap states, as shown in
Figure 4c. In addition, we found that the γ-CuI shows PL at 825 nm (≡1.5 eV), also shown



Electron. Mater. 2022, 3 19

in Figure 3c. The red PL at 1.5 eV has been shown to be related to iodine vacancies, as
illustrated in Figure 4d, and is not an artifact related to the PL at 400 nm.
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corresponds to the differential transmission dT/T.
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Figure 3. UPPS of γ-CuI with λPU = 266 nm and 5 µJ at (a) 300 K and (b) 77 K; maximum at ~2.95 eV
(≡420 nm); vertical color bar corresponds to the differential transmission dT/T and the insets show
the corresponding three-dimensional graph. Moreover, the figure also shows (c) the PL from γ-CuI
taken with an excitation of λPU = 266 nm between 10 and 300 K and (d) PL from γ-CuI between 350
and 450 nm.



Electron. Mater. 2022, 3 20Electron. Mater. 2022, 2, FOR PEER REVIEW 6 
 

 

 
Figure 4. Schematic diagram of (a) band-to-band radiative recombination of photo excited electron 
hole pairs related to the PL at 3.1 eV in γ-CuI; (b) radiative recombination via shallow donor-like 
states giving rise to the PL at 3.0 eV in γ-CuI; (c) recombination via mid-gap states; and (d) radiative 
recombination of photo excited electron hole pairs via acceptor-like states related to iodine vacancies 
(VI) in γ-CuI. 

For completeness, we ought to point out that the PL intensities at ~3.1 eV and ~1.5 eV 
increased by reducing the temperature from 300 to 77 K, but this also resulted in a sup-
pression of the broad PL observed between 1.55 and 2.06 eV. However, we observed the 
emergence of a local maximum in the PL at 415 nm (≡3.0 eV), as shown in Figure 3d, which 
is attributed to radiative recombination via donor-like vacancies, as explained in Figure 
4b. 

3.2. DFT Electronic Band Structure Calculations 
In order to further understand all of the above findings, we investigated the for-

mation energies of the iodine defects and their effect on the electronic band structure of 
Cu3N via large-scale ab initio calculations. We considered I in two interstitial and two 
substitutional positions in the simple cubic anti-ReO3 phase structure of Cu3N (space 
group 𝑃𝑚3𝑚, No. 221), i.e., the following four configurations: (a) 𝐼 , : an I atom in the 
single 1b Wyckoff position (in the center of the cube defined by the Cu and N atoms, frac-
tional coordinates: 0.5 0.5 0.5); (b) 𝐼 , : an I atom in one of the 3c Wyckoff positions (in the 
center of a facet the cube defined by the Cu and N atoms, fractional coordinates: 0.5 0.5 
0.0); (c) 𝐼 : an I atom in the place of a Cu atom; and (d) 𝐼 : an I atom in the place of a N 
atom, with Cu and N atoms occupying the 3d and the single 1a sites respectively, shown 
in Figure 5. 

We found that 𝐼 ,  is energetically preferable under both Cu-rich and N-rich condi-
tions for all the different types of potentials used. Both 𝐼 ,  and 𝐼  show lower for-
mation energies under N-rich conditions (1.41 eV down from 3.31 eV and 1.73 eV from 
3.44, respectively). The barrier for an I atom to diffuse from one 1b position to the neigh-
boring is ~1.6–1.8 eV depending on the conditions. Under I-rich conditions 𝐼  is prefer-
able and shows a formation energy of 1.83 eV compared to 2.51 eV of 𝐼 , . The formation 
energy of 𝐼 ,  and 𝐼  are always high (3.03 eV and 5.84 eV for N-rich conditions respec-
tively). 

The formation energies of all the defects in Cu3N as a function of the Fermi energy 
are shown in Figure 5. The interstitial defect induces 1 acceptor level at 0.08 eV, where the 
transition from the 0 charge to −1 charge happens. One additional level is found right at 
the conduction band minimum (CBM) for the transition from −1 to −2 charge. One non-

Figure 4. Schematic diagram of (a) band-to-band radiative recombination of photo excited electron
hole pairs related to the PL at 3.1 eV in γ-CuI; (b) radiative recombination via shallow donor-like
states giving rise to the PL at 3.0 eV in γ-CuI; (c) recombination via mid-gap states; and (d) radiative
recombination of photo excited electron hole pairs via acceptor-like states related to iodine vacancies
(VI) in γ-CuI.

For completeness, we ought to point out that the PL intensities at ~3.1 eV and ~1.5 eV
increased by reducing the temperature from 300 to 77 K, but this also resulted in a sup-
pression of the broad PL observed between 1.55 and 2.06 eV. However, we observed the
emergence of a local maximum in the PL at 415 nm (≡3.0 eV), as shown in Figure 3d, which
is attributed to radiative recombination via donor-like vacancies, as explained in Figure 4b.

3.2. DFT Electronic Band Structure Calculations

In order to further understand all of the above findings, we investigated the formation
energies of the iodine defects and their effect on the electronic band structure of Cu3N via
large-scale ab initio calculations. We considered I in two interstitial and two substitutional
positions in the simple cubic anti-ReO3 phase structure of Cu3N (space group Pm3m,
No. 221), i.e., the following four configurations: (a) Ii,1b: an I atom in the single 1b Wyckoff
position (in the center of the cube defined by the Cu and N atoms, fractional coordinates:
0.5 0.5 0.5); (b) Ii,3c: an I atom in one of the 3c Wyckoff positions (in the center of a facet the
cube defined by the Cu and N atoms, fractional coordinates: 0.5 0.5 0.0); (c) ICu: an I atom
in the place of a Cu atom; and (d) IN : an I atom in the place of a N atom, with Cu and N
atoms occupying the 3d and the single 1a sites respectively, shown in Figure 5.

We found that Ii,1b is energetically preferable under both Cu-rich and N-rich conditions
for all the different types of potentials used. Both Ii,1b and ICu show lower formation
energies under N-rich conditions (1.41 eV down from 3.31 eV and 1.73 eV from 3.44,
respectively). The barrier for an I atom to diffuse from one 1b position to the neighboring
is ~1.6–1.8 eV depending on the conditions. Under I-rich conditions ICu is preferable and
shows a formation energy of 1.83 eV compared to 2.51 eV of Ii,1b. The formation energy of
Ii,3c and IN are always high (3.03 eV and 5.84 eV for N-rich conditions respectively).

The formation energies of all the defects in Cu3N as a function of the Fermi energy
are shown in Figure 5. The interstitial defect induces 1 acceptor level at 0.08 eV, where the
transition from the 0 charge to −1 charge happens. One additional level is found right
at the conduction band minimum (CBM) for the transition from −1 to −2 charge. One
non-visible in the figure transition level is −0.01 eV below the valence band maximum
(VBM), where the transition from the +1 charge to 0 charge takes place (not shown in the
figure). The substitutional defect ICu is always uncharged. In addition to the above, we
also calculated the formation energies of the Cui, VCu and VN native point defects, which
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are in good agreement with the formation energies calculated by Matsuzaki et al. [4], i.e.,
Cui: ~0.7 eV, VCu: ~1.1 eV and VN : ~2.4 eV.
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Ar at 10−2 mbar on 15 mm × 25 mm SLG, which was used as a back contact. Following this, 
a 100 nm layer of n-type Cu3N layer was deposited over the Au by reactive sputtering 
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Figure 5. (a) Electronic band structure of intrinsic Cu3N showing the M and R direct band gaps as
well as the M to R indirect energy band gaps. (b) Electronic band structure of intrinsic CuI showing
the Γ direct band gap. (c) Electronic band structure of I: Cu3N derived using one iodine atom per
375 Cu atoms and 125 N atoms; the red line corresponds to the shallow acceptor like states of iodine.
(d) Formation energies and charge-state transition points of the I-related defects in Cu3N under
N-rich conditions as a function of the Fermi energy. The minimum and the maximum of the Fermi
energy correspond to the valence band maximum and conduction band minimum, respectively. Solid
lines correspond to the formation energy and only the most energetically favourable charge state for
a specific Fermi energy is shown. Positive and negative charge states indicate donor and acceptor
behaviour, respectively; also shown the crystal structure of Cu3N showing the large Cu and small N
atoms as well as the interstitial positions of the I atoms.

For completeness, the electronic band structure of Cu3N, γ-CuI and I: Cu3N is shown
in Figure 5a–c. We found that the incorporation of iodine yields states that are energetically
located very close to the conduction band minimum and valence band maximum leaving a
“clean” band gap very similar to the findings of Yee et al. [21] who showed that N vacancies
(VN) and Cu interstitials (Cui) give rise to states that are energetically located very close
or inside the conduction and valence band edges. In other words, I: Cu3N has a “clean”
band gap, thus allowing the observation of the maxima at 617 nm (≡2.01 eV) and 660 nm
(≡1.87 eV) by UPPS, which unequivocally correspond to the M and R direct energy band
gaps of Cu3N.

3.3. γ-CuI/TiO2/Cu3N and γ-CuI/Cu3N p-n Heterojunctions

Initially, we fabricated a γ-CuI/TiO2/Cu3N p-n heterojunction on soda lime glass
(SLG), as shown in Figure 6. First, a 100 nm layer of Au was deposited by sputtering under
Ar at 10−2 mbar on 15 mm × 25 mm SLG, which was used as a back contact. Following
this, a 100 nm layer of n-type Cu3N layer was deposited over the Au by reactive sputtering
under Ar: 10%N2 and annealed under NH3: H2 at 400 ◦C for 30 min in order to improve its
crystal quality. Subsequently, a 10 nm thick TiO2 layer was deposited by reactive sputtering
under Ar: 10% O2. This is usually annealed at elevated temperatures, e.g., 500 ◦C, in air
or under oxygen in order to improve its crystal quality and eliminate mid-gap states, but
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we avoided doing so in order to prevent the degradation of the underlying n-type Cu3N.
Finally, a Cu3N layer was deposited by reactive sputtering on top of the TiO2 using a Cu
target under 100% N2, which was converted into γ-CuI by an extended iodization of 200 s
at room temperature. The device was completed with the deposition of a 100 nm thick Au
contact on top of the γ-CuI. The IV characteristics of the devices were measured at room
temperature with a Keithley 2635A.
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(a) deposition of 100 nm Au on SLG; (b) deposition of n-type Cu3N; (c) annealing at 400 ◦C/30 min
under NH3:H2; (d) deposition of 10 nm TiO2 barrier by reactive sputtering under Ar: 10% O2;
and (e) sputtering of N-rich Cu3N (f) conversion of N-rich Cu3N into γ-CuI.

Before considering the IV properties of the γ-CuI/TiO2/Cu3N p-n heterojunction, it
is useful to point out that γ-CuI is a p-type semiconductor with an energy band gap of
3.2 eV that has a work function of φ = 5.0 eV and a small electron affinity of χ = 2.1 eV, as
shown in Figure 7a [14,31,32]. In contrast, the electron affinity and work function of n-type
Cu3N are χ = 3.5 eV and φ =4.0 eV, respectively, as shown in Figure 7b. Furthermore, TiO2
has a band gap of 3.2 eV, work function of φ =4.2 eV and an electron affinity of χ = 4.0 eV,
as shown in Figure 7c, making it attractive as a barrier. These properties are expected
to induce strong band bending and a substantial built-in barrier in a γ-CuI/TiO2/Cu3N
p-n heterojunction, as shown in Figure 7d. The γ-CuI/TiO2/Cu3N p-n heterojunction
exhibited a strongly asymmetric current-voltage (IV) characteristic, as shown in Figure 7e,
with an on–off ratio of ~34 and were stable under ambient conditions. The Au on top
of the γ-CuI as well as Au on n-type Cu3N results into the formation of ohmic contacts,
as we obtained linear IV characteristics from a single layer of (a) γ-CuI and (b) n-type
Cu3N that were deposited separately on SLG, as shown in Figure 8a,b. The n-type Cu3N
had an electron density of n = 1.2 × 1018 cm−3 and mobility of 1.6 cm2/Vs due to the
fact that it was deposited under Cu-rich conditions, i.e., under Ar: 10% N2. In addition
to Au, one could use Ag as well as Cu on n-type Cu3N, which also exhibited linear IV
characteristics. However, it should be emphasized that Ag on top of γ-CuI leads to non-
linear IV characteristics consistent with the fact that CuI/AgI is a p-n heterojunction, in
itself with rectifying properties. Consequently, Ag was not used as an ohmic contact to
γ-CuI in the case of the γ-CuI/TiO2/Cu3N p-n heterojunction.
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It is also important to point out that the IV characteristics obtained from a symmetric
Au/TiO2/Au device, which in essence constitutes a single tunnel barrier, are non-linear,
but nevertheless symmetric. Evidently, the rectifying IV characteristic shown in Figure 7e
is related solely to the formation of the p-n heterojunction between the p-type γ-CuI and
n-type Cu3N layer. One could argue that the rectifying IV characteristics are attributed to
the formation of a p-n junction between the p-type CuI and n-type TiO2, as suggested by
Kumarasinghe et al. [33]. However, the TiO2 layer in our device is very thin, i.e., 10 nm,
so it will be essentially depleted, and it is impossible for such a thin TiO2 layer to contain
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a depletion region and electric field as well as a flat band region so that the rectifying
properties of the device are attributed to the CuI/TiO2 p-n junction. This would require a
very high electron density in the TiO2, well in excess of the electron density that can exist in
such an un-doped, wide band gap oxide, such as TiO2. In other words, the TiO2 layer acts
as a tunnel barrier and the rectifying properties are strictly related to the p-type CuI and
n-type Cu3N. More specifically, the application of a forward bias, i.e., externally applied
electric field to the γ-CuI/TiO2/Cu3N p-n heterojunction that is opposite to the built-in
electric field that points from the n-type Cu3N to the p-type γ-CuI, will reduce the built-in
barrier. This will allow electrons to frow from the n-type Cu3N to the p-type γ-CuI and
holes from the p-type γ-CuI to the n-type Cu3N via the TiO2 tunnel barrier. One could use,
alternatively, h-BN as opposed to TiO2 that contains oxygen. The previous explanation
concerning the TiO2 barrier is further corroborated by the fact that we obtained rectifying IV
behavior from a γ-CuI/Cu3N p-n heterojunction, as shown in Figure 8c. This γ-CuI/Cu3N
p-n heterojunction was fabricated by the deposition of n-type Cu3N on SLG under Ar: 10%
N2 that was annealed at 400 ◦C for 30 min under NH3: H2. Half of the n-type Cu3N layer
was subsequently converted into p-type γ-CuI and the device completed with Au contacts.

To the best of our knowledge, no one has previously obtained rectifying IV charac-
teristics from a p-n heterojunction consisting of n-type Cu3N and γ-CuI. However, we
did not observe any change in the IVs upon illumination. Our device is similar to that of
Yee et al. [21], who fabricated an Al: ZnO/ZnS/Cu3N p-n heterojunction on a 1 µm thick
Mo film that was sputtered on SLG and used as a back contact. The n-type Cu3N layer,
which had a thickness of 350 nm, was deposited on the Mo by rf sputtering at 25 W and
160 ◦C under N2. This was followed by a 50 nm ZnS n-type buffer layer that was deposited
using atomic layer deposition at 125 ◦C. Next, 250 nm of Al: ZnO was deposited as the
transparent top electrode, followed by the deposition of Al contacts having a thickness of
3 µm. However, the Cu3N/ZnS p-n junction did not generate any photocurrent. The lack
of photoconductivity and photo generated current in Cu3N was explained by the large con-
centration of Cui defects that capture electrons and cause substantial Shockley–Read–Hall
recombination, thereby quenching the steady-state minority carrier concentration under
illumination. This may be one of the reasons why we did not observe a photocurrent in the
γ-CuI/TiO2/Cu3N and γ-CuI/Cu3N p-n heterojunction devices described above, while
another contributing factor may be the occurrence of mid-gap states in the TiO2 and γ-CuI
that are detected in the PL and by UPPS. Nevertheless, the fabrication of γ-CuI/TiO2/Cu3N
and γ-CuI/Cu3N p-n heterojunctions with rectifying IV characteristics is an important step
towards the realization of a solar cell using low cost, non-toxic semiconductor materials,
such as Cu3N, in combination with other wide band gap semiconductors, such as γ-CuI.

4. Conclusions

We deposited Cu3N layers on f-SiO2 by reactive sputtering under N2, annealed them
under NH3: H2 at 400 ◦C for 30 min and doped them with I2. The I: Cu3N layers have a
cubic crystal structure, hole densities between 1016 and 1017 cm−3 and exhibited distinct
spectral features at ~2.01 eV (≡617 nm) and 1.87 eV (≡660 nm) that correspond to the M and
R direct energy band gaps of Cu3N in excellent agreement with density functional theory
calculations. The incorporation of iodine in Cu3N gives rise to shallow-like acceptors, but
no mid-gap states. However, the extended incorporation of iodine leads to the formation
of γ-CuI along Cu3N and an additional maximum in differential transmission at ~2.25 eV
(≡550 nm) due to the formation of strained Cu3N by the lattice expansion of γ-CuI. The
Cu3N was totally converted into γ-CuI, which had a hole density of 4 × 1017 cm−3, mobility
of 12 cm2/Vs and showed a single maximum in differential transmission at ~2.95 eV, as
observed by UPPS, consistent with the PL at 3.1 eV observed between 77 and 300 K that
is very close to the fundamental direct energy band gap of CuI. We have demonstrated
that n-type Cu3N and γ-CuI may be used for the fabrication of γ-CuI/TiO2/Cu3N and
Cu3N/CuI p-n heterojunctions that exhibit rectifying IV properties. However, we did not
observe any photocurrent due to the short lifetimes of photo generated electron-hole pairs
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in Cu3N attributed to Shockley–Read–Hall indirect recombination and/or mid-gap states
in the γ-CuI and TiO2. It is necessary then to find ways of increasing the lifetimes and
diffusion lengths of carriers in both the Cu3N and γ-CuI by increasing the crystal quality
and/or by doping with suitable impurities.
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