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Abstract: Thin films comprising nitrogen-doped ultrananocrystalline diamond/hydrogenated amorphous-carbon (UNCD/a-C:H)
composite films were experimentally investigated. The prepared films were grown on Si substrates by the coaxial arc plasma de-
position  method.  They  were  characterized  by  temperature-dependent  capacitance-frequency  measurements  in  the  temperat-
ure and frequency ranges of 300–400 K and 50 kHz–2 MHz, respectively. The energy distribution of trap density of states in the
films was extracted using a simple technique utilizing the measured capacitance-frequency characteristics. In the measured tem-
perature  range,  the  energy-distributed  traps  exhibited  Gaussian-distributed  states  with  peak  values  lie  in  the  range:  2.84  ×
1016–2.73  ×  1017 eV–1 cm–3 and centered at  energies  of  120–233 meV below the  conduction band.  These  states  are  generated
due to a large amount of sp2-C and π-bond states, localized in GBs of the UNCD/a-C:H film. The attained defect parameters are
accommodating to understand basic electrical properties of UNCD/a-C:H composite and can be adopted to suppress defects in
the UNCD-based materials.
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1.  Introduction

Diamond  was  extensively  characterized  as  a  wide
bandgap  (5.47  eV)  semiconducting  material  that  possessing
distinguished thermal, physical, electrical, optical, and electro-
nic  properties[1–4].  In  recent  years,  diamond-based  electronic
devices,  including  rectifier  and  Schottky  diodes,  light-emit-
ting  diodes,  photodetectors,  CO2 gas  detectors,  and  MOS-
FETs,  are  experimentally  produced  and  repeatedly  character-
ized[4–6].  Based  on  grain  sizes,  the  synthetic  diamond  can  be
grown in many forms: single-crystalline, microcrystalline, nano-
crystalline,  and  ultrananocrystalline  diamond  (UNCD).  In  re-
cent years, UNCD films were synthesized using various depos-
ition  methods  such  as  plasma  chemical  vapor  deposition
(CVD),  hot-filament  CVD,  microwave-plasma  CVD,  pulsed-
laser  deposition  (PLD),  and  coaxial-arc  plasma  deposition
(CAPD)[7–32].  One  unique  form  of  UNCD  is  what  is  namely  re-
cognized as the UNCD/hydrogenated amorphous-carbon (UN-
CD/a-C:H).  This  phase  comprises  a  high  density  of  UNCD  fine
grains embedded in an a-C matrix, produced in hydrogen am-
bient  during  film  preparation.  Boron  and  nitrogen  were  ex-
amined  as  an  efficient  dopant  of  UNCD  to  produce  p-type
and n-type conduction, respectively[10, 11].  Microstructure ana-
lysis,  including  XRD,  TEM,  and  Raman  spectroscopy,  con-
firmed  that  UNCD  films  comprising  a  grain  size  of  3–5  nm
in  addition  to  grain-boundaries  (GBs)  with  widths  of  1–1.5

nm[16–20]. The film structure is composed of sp2 and sp3 hybrid-
ized  carbon  mixture[12–14].  The  UNCD  GBs  commonly  contain
a large amount of sp2-C bonds, while the grains contain sp3-C
bonds[11, 14].  The  room-temperature  electrical  conductivity  of
the  low-nitrogen  content  (3  at.%)  UNCD/a-C:H  films  pro-
duced by CAPD was measured to be 3.5 × 10–4 Ω–1 cm–1.  The
latter value was increased to be 0.2 Ω–1 cm–1,  as the nitrogen
content in the films increased to 12.9 at.%[24]. The carrier den-
sity  of  the  3  at.%  nitrogen-doped  films  was  deduced  to  be
7.5  ×  1016 cm–3[25].  The  nitrogen  incorporation  into  the  UN-
CD/a-C:H films was confirmed by a high-resolution XPS meas-
urement[30].  Experimental  investigations  have  shown  that  in-
creasing  nitrogen  incorporation  in  the  grown  films  increases
the amount of  sp2 at  the expense of  sp3 bonds.  This  is  might
be  the  main  reason  for  the  increased  electrical  conductivity
of  the  N2-doped  of  UNCD  films.  Additionally,  the  nitrogen
amount  in  the  grown  films  strongly  affects  the  structure  and
GBs volume in the films[11, 14]. A hopping conduction mechan-
ism  has  been  theoretically  proposed  for  carrier  transport  at
GBs  in  UNCD/a-C:H  due  to  π-states  of  the  sp2-bonded
carbon[13]. This has been experimentally confirmed later as re-
ported  in  Ref.  [14].  Nitrogen  atoms  incorporate  into  the  GBs
rather  than the  UNCD grains,  which  results  in  the  creation of
localized  electronic  states  within  the  N2-doped UNCD/a-C:H
bandgap  (1.28  eV).  Electron  spin  resonance  (ESR)  measure-
ment of UNCD/a-C films exhibited a dangling bond density of
1022 cm–3[21].  These  dangling  bonds  might  formulate  local-
ized electronic states in the UNCD bandgap. More recently, sur-
face  states  in  Pd/n-type  UNCD/a-C:H  deposited  on  Si  sub-
strates was studied[22]. The surface states density in Pd/n-type
UNCD/a-C:H  films  was  evaluated  to  be  1.7  ×  1015 cm–2 eV–1
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for  the  slow  response  states,  which  decreased  to  2.0  ×
1014 cm–2 eV–1 for  the  high-frequency  response  states[22].  Al-
though the electrical  and optical  properties  of  N2-doped UN-
CD/a-C:H films grown by the CAPD method have been extens-
ively studied[23–32], there have been very limited reports on de-
fects  in  these  films.  In  this  study,  defect  properties  and  en-
ergy-distributed  trap  density-of-states  (DOS)  in  UNCD/a-C:H
films have been experimentally investigated.

2.  Experimental details

Thin films (thicknesses: 400 nm) of N2-doped UNCD/a-C:H
composite  were  deposited  on  p-type  Si(111)  substrates
(resistivities:  1–1.3  Ω·cm).  A  coaxial  arc  plasma  gun  (CAPG)
equipped with pure graphite  targets  was fixed inside the de-
position chamber. A capacitor of 720 μF and 100 V power sup-
ply was used to operate the CAPG[21–32]. The chamber was ini-
tially evacuated to a pressure less than 10–5 Pa,  using a turbo
molecular  pump.  The  Si  substrates  were  gradually  heated  to
550 °C then the plasma was ignited in H2/N2 mixed-gases ambi-
ent.  The  plasma  discharge  rate  was  set  to  be  5  pulse/s.  Dur-
ing  the  film  deposition,  the  ambient  pressure  was  main-
tained  constant  at  a  pressure  of  53  Pa.  Immediately  after  the
film  deposition,  the  samples  were  transferred  to  a  magnet-
ron sputtering chamber to form device electrodes.  A circular-
shaped Pd electrode was deposited on the top surface of the
UNCD/a-C:H film, while an Al  electrode was deposited on the

bottom  surface  of  the  Si  substrate.  The  film  surface  morpho-
logy was examined by field-emission scanning electron micro-
scope  (FESEM)  and  atomic  force  microscopy  (AFM).  The  pre-
pared  devices  were  characterized  by  the  current-density–
voltage  (J–V)  and  temperature-dependent  capacitance–fre-
quency–voltage  (C–f–V)  method.  The C–f–V measurements
were  carried  out  in  temperature,  frequency,  and  DC  bias
voltage ranges of 300–400 K, 50 kHz –2 MHz, –5–+5 V, respect-
ively.

3.  Results and discussion

Fig. 1(a) illustrates the FESEM top-view image of UNCD/a-
C:H  film,  deposited  by  the  CAPD  method.  The  formed  N2-
doped UNCD/a-C:H films comprise an enormous number of dis-
similar nano-sized UNCD crystals surrounded by the a-C:H mat-
rix.  UNCD/a-C:H  films,  produced  by  CAPD  and  their  surface
morphology  examined  by  AFM,  typically  demonstrate
smooth surfaces. As shown in Fig. 1(b), the film surface rough-
ness  is  within  100  nm  with  root-mean-square  (rms)  of  9–
12  nm.  These  values  are  somewhat  larger  than  those  ob-
served  for  undoped  UNCD/a-C:H  films  (rms:  8  nm).  As  illus-
trated in Fig. 1(c), the cross-sectional FESEM image clearly illus-
trates  a  sharp  film/substrate  interface.  This  property  is  essen-
tial  to  accomplish  heterojunction  devices  with  good  electric
performance. Fig.  1(d) depicts  a  schematic  representation  of
the fabricated (UNCD/a-C:H)/Si device with a film thickness of
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Fig. 1. (Color online) (a) Top-view FESEM images, (b) AFM image of UNCD/a-C:H film surface, (c) cross-sectional FESEM image, (d) schematic repres-
entation, and (e) semi-logarithmic and linear (inset) J–V characteristics of N2-doped (UNCD/a-C:H)/p-Si heterojunctions.
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400 nm and p-type Si(111) substrate thickness of 260 μm. Cir-
cular-shaped Pd ohmic contacts were formed on the film top
surface,  while  Al  ohmic  contact  was  formed  on  the  backside
of  the  substrate.  The  diameter  of  the  Pd  electrode  is  0.7  mm
and  the  device  effective  device  area  is  3.8  ×  10–3 cm2.
Fig.  1(e) and  (inset)  show  typical J–V characteristics  of  N2-
doped  UNCD/a-C:H  film  deposited  on  the  Si  substrate.  The
characteristics display noticeable rectifying action with a recti-
fication  ratio  of  more  than  three  orders  of  magnitude  at  for-
ward  and  reverse  voltages  of  ±  2  V.  This  result  confirms  that
the  N2-doped  UNCD/a-C:H  films  possess  n-type  conduction
and a formulae pn heterojunction diode with the p-type Si sub-
strate.  The  turn-on  voltage  of  the  junction,  extracted  from
the linear plot of the forward bias J–V characteristics,  was ap-
proximately  0.75  V.  In  the  reverse  bias  direction,  the  leakage
current density was 0.7 mA/cm2 at a reverse bias of –4 V. This
current  leakage  might  be  attributed  to  thermally  activated
generation-recombination  processes  of  charge  carriers.  Due
to  the  presence  of  a  considerable  number  of  defects  and
charge-trapping  centers  in  the  UNCD/a-C:H  film  in  addition
to  the  existence  of  trap  states  at  the  film/substrate  interface,
the  generation-recombination  processes  predominantly  oc-
cur in the bulk and surface of the film.

Fig. 2 demonstrates frequency-dependent C–V characteris-
tics  of  the  N2-doped  (UNCD/a-C:H)/p-Si  device.  The  meas-
ured capacitance exhibited a strong dependence on both the
applied DC bias voltage and the AC signal frequency. This de-
pendence  reveals  the  existence  of  a  considerable  number  of
defects  and  localized  electronic  states  in  both  the  UNCD/a-
C:H  film  and  the  (n-UNCD/a-C:H)/p-Si  interface.  The  capacit-
ance  increases  with  increasing  the  forward  bias  voltage,
while  it  strongly  decreases  with  increasing  the  reverse  bias
voltage. This can be referred to as diffusion and depletion ca-
pacitances commonly observed in conventional pn junctions.
Under  forward bias,  the diffusion capacitance dominates  and
rises  with increasing the applied voltage,  as  it  is  proportional
to the forward current. On the other hand, the depletion capa-
citance dominates at  reverse bias  and decays with increasing
the  reverse  bias  voltage  due  to  expanding  the  depletion-lay-

er  width.  The  capacitance  also  decreases  with  increasing  of
the  signal  frequency.  At  lower  frequencies,  the  defect  states
can  easily  track  the  AC  signal  causing  excessive  capacitance
values.  At  higher  frequencies  (greater  than  100  kHz),  the  de-
fect  states  cannot  effectively  follow  the  signal  frequencies.
This  action  degrades  the  contribution  of  the  trap  states  to
the  total  device  capacitance  measured  for  each  bias  voltage.
The  depletion-layer  capacitance  (C)  is  interrelated  to  the  DC
bias voltage (V) using the Schottky–Mott equation[33]: 


C

= 
qA

(εN + εN) (Vbi − V)
εεNN

, (1)

N N

where q is  the  electric  charge, A is  the  device  area, ε1 and ε2

are the local permittivities, and  and  are doping concentra-
tions of UNCD/a-C:H and Si,  respectively. The doping concen-
tration of  the UNCD/a-C:H film was extracted using the slope
of the 1/C2–V plot and the known parameters of the UNCD/a-
C:H film (ε1 = 5.68εo, where εo denotes the free-space permittiv-
ity)  and those of  the p-Si  substrate (ε2 =  11.9εo,  and N2 =  1  ×
1016 cm–3,  corresponding to the resistivity of 1–1.3 Ω·cm). Be-
sides,  the  total  depletion-layer  width  (W)  was  extracted  us-
ing the equations[33]: 

W =

√
εεN(Vbi − V)
qN(εN + εN) , (2)

 

W =

√
εεN(Vbi − V)
qN(εN + εN) , (3)

where W1 and W2 denote the depletion-region extensions in-
side the UNCD/a-C:H film and that of the Si substrate, respect-
ively. The heterojunction built-in potential (Vbi) was directly ex-
tracted  from 1/C2–V plots  to  be  0.75  V,  as  shown  in Fig.  3.
The  latter  values  are  consistent  with  that  of  the  turn-on
voltage (0.75 V) deduced from the linear plot of the heterojunc-
tion J–V characteristics, shown in Fig. 1(e). The 1/C2–V plots ex-
hibited linear dependence of the applied voltage, demonstrat-
ing a homogeneous distribution of donor atoms in the deple-
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tion  layer.  The  total  width  of  the  depletion-layer  (W = W1 +
W2)  was  extracted  to  be  322  nm  and  the  doping  concentra-
tion  of  the  UNCD/a-C:H  film  was  determined  to  be  1.95  ×
1016 cm–3.

The  complex  impedance  (Z*)  spectroscopy  of  the  hete-
rojunctions  was  measured  in  the  temperature  range  of
300–400  K. Z* is  commonly  expressed  as  the  vector  summa-
tion  of  two  parts:  real  (Zr)  and  imaginary  (Zim)  impedances.
Figs.  4(a) and 4(b) show  the  temperature-dependent  spectra
of Zr and Zim. In this regard, Zr exhibited strong decay with in-
creasing frequency and temperature. This impedance is attrib-
uted  to  carrier  transportation  resistance  in  UNCD/a-C:H  film
in  addition  to  carrier  recombination  at  film/electrode  and
film/substrate  interfaces.  Moreover,  this  resistance  arises  due
to  space-charge,  dipoles,  and  electrons  polarization  in  the
film  and  Si  substrate.  At  high  frequencies,  the  polarized
charges  unable  to  follow  fast  changes  of  the  AC  signal,  thus
their  influences  on  the  impedance  decline  gradually  with  in-
creasing  frequency.  Furthermore, Zr decreased  with  rising  of
the  temperature  due  to  carrier  thermal  generation  from  de-
fects  in  UNCD/a-C:H  film.  On  the  other  hand, Zim showed
broadening peaks  centered at  frequencies  above 105 Hz.  The
observed Zim peaks  were  slightly  shifted  to  higher  frequen-
cies  at  increased  temperatures.  The  signal  angular-frequency

(ω = 2πf)  at  which Zim is  maximized can be related to  relaxa-
tion  time  constant  (τ)  using  the  relation: ωmτ =  1.  The  time
constant  for  thermal-emission  of  electrons  from  a  trap  state
can be computed by[34]: 

τ = 
σnvthNc

e
Ea
KT , (4)

where σn is  the  capture  cross-section, vth is  the  thermal  velo-
city, NC is  the  DOS  in  the  conduction  band, Ea is  the  activa-
tion energy of  the trap states  with respect  to  the conduction
band edge, K is the Boltzmann constant,  and T the temperat-
ure. The term σnνthNC defines what is called the attempt-to-es-
cape-frequency (υ0)[35]. At lower frequencies, charge carriers ini-
tiated  from  the  trap  centers  can  effectively  trace  AC  signal,
while at a higher frequency they unable to track the fast modu-
lation of the signal. Therefore, the critical energy depth of the
traps  that  are  able  to  contribute  to  the  measured  capacit-
ance  is  essentially  determined  by  the  applied  signal  fre-
quency.  This  explains  well  the  observed  deterioration  of
device  capacitance  at  frequencies  above  105 Hz,  as  illus-
trated  in  the C–f characteristics  shown  in Fig.  5.  Many  dia-
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mond-based  devices  reveal  capacitance  values  that  signific-
antly  decrease  at  frequencies  larger  than  105 Hz[36, 37].  This
demonstrates  the  existence  of  noteworthy  thermally  activ-
ated  processes  including  charge  relaxation  in  space-charge
regions  and  carrier  emission/capture  processes  initiated  by
trap  centers  which  are  more  likely  to  have  existed  at  GBs  in
the UNCD/a-C:H film.

Fig.  6 depicts  the  Arrhenius  plot  of  the  extracted  values
of fm for  each  measured  temperature.  At  high  temperatures,
more  carriers  are  emitted  from  the  traps  excited  by  dissip-
ated thermal  energy in  the UNCD/a-C:H film.  Furthermore,  as
the  temperature  increases, fm increases,  subsequently  the
trap  response  time  becomes  shorter.  The  characteristics  fre-
quency, υ0,  was  extracted  to  be  5.7  ×  105 Hz  using  linear  fit-
ting to the Arrhenius equation: 

fm = υe
− Ea

KT . (5)

The  activation  energy  attained  from  the  slope  of  the  lin-
ear fit  in the plot was determined to be 46 meV. This value is
comparable  with  those  obtained  for  the  N2-doped  UNCD
films  prepared  with  dissimilar  deposition  methods[38, 39].  In
this context, the activation energy is greatly affected by the in-
corporated amount of nitrogen in the UNCD films. The GBs in
these  films,  comprising  a  considerable  amount  of  sp2-C
bonds  that  are  associated  with  π-bonded  states,  might  be

the  main  reason  for  the  n-type  conduction  in  N2-doped  UN-
CD  films[40].  Therefore,  the  activation  energy  was  reduced  by
increasing of nitrogen doping level in the film.

The  trap  states  frequency  response  is  regularly  de-
scribed  in  terms  of  a  demarcation  energy Ef,  where  this  fre-
quency-dependent energy is defined by[41]: 

Ef = KTln
υ
f
. (6)

Hence, the trap density-of-states (Nt) is computed by[41]: 

Nt (Ef) = −
Vbi

qKTW
fdC
df

. (7)

The  energy  distribution  of  a  defect/trap  state  at  an  en-
ergy Ef can  be  evaluated  by  calculating  the  first  derivative  of
the measured heterojunction capacitance with respect to the
signal frequency.

Figs.  7(a)–7(e) show  defect  energy-distributed  DOS  de-
duced  from  Eqs.  (6)  and  (7)  using  measured C–f characterist-
ics  of  n-type UNCD/a-C:H films/p-type Si  substrate,  examined
at  different  temperatures.  Despite the noise that  appeared in
the  derived  DOS  data,  resulting  from  slight  inaccuracy  of  the
measuring instrument, particularly at high frequencies, in addi-
tion  to  the  dispersion  of  the  capacitance–frequency  derivat-
ive  (dC/df),  fitting  of  the  data  showed  nice  consistency  with
the Gaussian equation: 

Nt (E) = NGe
−
(E−Et )
σ , (8)

where NG is  the  DOS  peak  located  at  an  energy E equals  to
that  of  a  trap  energy Et and σ denotes  characteristic  energy
of  the  trap  center.  At  room  temperature,  the  Gaussian  peak
of  2.8  ×  1016 cm–3 eV–1 located  at  trap  energy  of  0.120  eV,
with  a  characteristic  energy  of  0.064  eV,  was  deduced.  These
results are in good agreement with those obtained using J–V

Table  1.   Extracted  Gaussian-distributed  defect  parameters  of  N2-
doped UNCD/a-C:H films characterized at different temperatures.

T (K) NG (1016 cm–3 eV–1) Et (eV) σ (eV)

300 2.84 0.120 0.064
325 1.56 0.158 0.058
350 4.48 0.159 0.041
375 7.12 0.189 0.050
400 27.3 0.233 0.050
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Fig. 7. Energy-distributed trap-DOS of N2-doped UNCD/a-C:H film measured (dots) and fitted (lines) data at temperatures of (a) 300 K, (b) 325 K,
(c) 350 K, (d) 375 K, and (e) 400 K.
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characterization[32].  As  the  temperature  increased,  from  300
to  400  K,  the  extracted  peaks  were  gradually  increased  and
shifted to deeper energy levels as listed in Table 1.

Since  nitrogen  atoms  preferentially  integrate  into  GBs
rather than into the UNCD grains, they tend to create addition-
al  conduction  pathways  in  the  films,  causing  the  increase  of
electric  conductivity  of  the  films  due to  a  significant  increase
in  sp2-C  and π-bonds  in  the  composite.  Therefore,  the  defect
states  are  localized  mainly  in  GBs  in  the  UNCD/a-C:H  films.
The  bulk  defects,  in  addition  to  the  interface  defects,  might
be  the  main  causes  of  the  leakage  current  observed  in  (n-
type  UNCD/a-C:H)/p-type  Si  heterojunction  devices.  Suppres-
sion of these defects can be attainable through the optimiza-
tion  of  the  inflow-rate  ratio  of  N2/H2 mixed-gases  introduced
during the film perpetration. This investigation is to be repor-
ted elsewhere.

4.  Conclusions

Thin  films  comprising  N2-doped  UNCD/a-C:H  composite
films,  were  experimentally  investigated.  The  films,  deposited
on p-type Si substrates by the CAPD method, were character-
ized  by C–f measured  in  the  temperature  and  frequency
ranges  of  300–400  K  and  50  kHz–2  MHz,  respectively.  In  the
measured temperature range, the traps exhibited Gaussian-di-
stributed  states  with  peak  values  lying  in  the  range:  2.84  ×
1016–2.73  ×  1017 eV–1 cm–3.  The  characteristics  energies  of
these  states  were  in  the  range  of  50–64  meV.  At  300  K,  the
trap centered at 120 meV below the conduction band and shif-
ted to 233 meV when the temperature raised to 400 K. These
states  are  generated  due  to  a  large  amount  of  sp2-C  and  π-
bond states, localized in GBs of the UNCD/a-C:H film. By optim-
izing the inflow-rate ratio of N2/H2 mixed-gases introduced dur-
ing  plasma  deposition,  suppression  of  these  defects  can  be
achieved.
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