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The study examines the optical and electrical characteristics of n-ZnO:Al (AZO) thin films that were
deposited on p-Si using the sol–gel dip-coating process, with thicknesses ranging from three to six cycles.
The I–V characteristics of the diode device exhibited a high and low current under forward and reverse
bias, respectively. The ideality factors were found to decrease from 2.78 to 2.13 with an increase in
the number of layers from 3C to 6C. However, it was revealed that the barrier height increased from
0.72 to 0.79 eV. Similarly, the rectification ratio increased from 3196 at ±4 V to 5253 at ±4 V with
an increase in the thickness of the emitter layer. Some diode parameters were calculated according
to the thermionic and Chueng models and found to be in a range comparable to the literature. The
optical study based on photoluminescence under UV excitation showed typical emission spectra of n-
AZO/-Si heterostructure characterized by a high emission band around 389 nm, which is due to the
recombination of excitons (e−/h+). The various intrinsic defects present in ZnO-doped Al thin films are
attributed to the broad emission band in the visible range. The chromaticity study with color properties
indicated that the correlated color temperature value of the sample 3C (1380 K) falls in the warm white
light region. However, the correlated color temperature value of sample 6C (4454 K) is located in the
cool white light source region, which is more suitable as an LED lighting source. It was found that
by increasing the emitter layer thickness, the correlated color temperature value of the 6C sample is
getting closer to 6504 K — the Commission Internationale de l’Eclairage (CIE) standard for daylight
(D65). However, unlike the Duv value of the 6C sample (0.011), the one of the 3C sample (0.0032) is
located within the acceptable shift range (±0.006). Based on this study, these heterostructures might
be an appealing option for manufacturing W-LEDs with n-UV/blue LED chips as the excitation source
for use in displays and lighting.
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1. Introduction

For many decades, zinc oxide (ZnO) has been
attracting considerable attention owing to its
widespread use in various applications in science
and industry, particularly in optoelectronics [1–3].
ZnO is an n-type semiconductor that differs from
other transition metal oxides in a number of ways,
including its high level of thermal, physical, and
chemical stability, high electrical conductivity, high
photosensitivity, wide direct band gap (3.37 eV) in
the near UV, low cost and toxicity, as well as its
abundance in nature [4–6].

Along with the aforementioned benefits, ZnO still
has some drawbacks, including a lack of versatil-
ity, instability when it comes to heat edging in
air or environments that are corrosive, and poor

performance when exposed to visible light. Explor-
ing this versatility also necessitates the addition of
impurities to strengthen the properties. For many
years, impurities were introduced into ZnO and de-
posited by various techniques in order to improve
its properties. One may find that various metal
elements (i.e., copper (Cu), indium (In), gallium
(Ga), lithium (Li), iron (Fe), tin (Sn), nickel (Ni),
lead (Pb), cadmium (Cd), and aluminum (Al), etc.)
have been doped into ZnO host lattice [7–13]. This
doping process improved the performance of the
material by altering its properties. Several meth-
ods were adopted to synthesize undoped and doped
ZnO thin films. Among reported methods, one finds
laser deposition [14, 15], sputtering [16], molecular
beam epitaxy (MBE) [17], evaporation [18], chem-
ical vapor deposition (CVD) [19], electrochemical
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deposition [20], doctor blade technique [21], chem-
ical bath deposition (CBD) [22, 23], chemical wet
and dry (CWD) method [24], successive ionic layer
adsorption and reaction (SILAR) method [25],
spray pyrolysis [26–29], and sol–gel process includ-
ing spin and dip-coating processes [30–33]. Due to
its cheap manufacturing costs, effectiveness, sim-
plicity, simple control of doping, broad area homo-
geneity, and crystalline consistency during the pro-
duction of devices, the sol–gel dip-coating process
is suited for thin film deposition [34, 35].

In the field of diodes, ZnO as an emitter layer
continues to attract great interest due to its unique
properties mentioned earlier. To increase the per-
formance of p–n junction-based diodes, several re-
searchers continue to make significant efforts. Urper
et al. [36] made Al-doped ZnO (AZO)/p-Si het-
erojunction diodes via sol–gel dip-coating technique
under four different annealing ambient gases (argon,
air, vacuum, and nitrogen). Shah et al. [37] syn-
thesized n-ZnO/p-Si and n-AZO/p-Si heterojunc-
tions via the spray pyrolysis method. Both used
the current–voltage (I–V ) measurement to confirm
the rectifying diode behavior at various tempera-
tures and light intensities. The ideality factors n for
ZnO and AZO/p-Si heterojunctions have been cal-
culated for low forward voltage, which suggests out-
standing diode characteristics. Direct-current mag-
netron sputtering was used by Bo et al. [38] to pro-
duce n-AZO/p-Si heterojunctions on p-type single-
crystal Si wafers. Current–voltage (I–V ) character-
istics were used to examine and thoroughly inves-
tigate the rectifying and photoelectric behavior. In
this study, n-AZO/p-Si heterojunction was fabri-
cated by depositing AZO thin films on a p-Si sub-
strate utilizing the straightforward and affordable
sol–gel dip-coating method. The I–V characteris-
tics of the n-AZO/p-Si heterojunction were investi-
gated as a function of emitter layer thickness both
in the dark and under light. The optical properties
of the obtained heterostructure were thoroughly ex-
amined using room-temperature photoluminescence
(RTPL) and CIE coordinates. The color properties
were investigated for possible applications in display
and lighting.

2. Synthesis of the AZO/p-Si heterojunction

The deposition of AZO thin films on p-type Si
(100) substrates (with a thickness of 350 m and
1–20 Ω cm resistivity) using the sol–gel dip-coating
process (Dip Coating Unit with Hot Chamber,
Model No. HO-TH-02) resulted in the formation of
an n-AZO/p-Si heterojunction (Fig. 1).

First, zinc acetate dehydrate (ZAD)
Zn(CH3COO)2 · 2H2O was dissolved in ethanol
(C2H6O) until a concentration of 0.2 M was
reached. Next, monoethanolamine (MEA) C2H7NO
was added to the mixed solution as a sol stabilizer.
This step was followed by the addition of the

Fig. 1. A schematic view of the fabrication process
of n-AZO/p-Si heterojunction.

doping agent from aluminum chloride hexahydrate
(AlCl3 · 6H2O), keeping the Al/Zn atomic ratio
at 2%. The temperature of the final solution was
maintained under stirring for 2 h at 60◦C until a
light yellowish homogeneous and clear solution was
obtained.

To achieve two distinct thicknesses (AZO3 and
AZO6) on Si substrates, two distinct coating cy-
cles (3 and 6) were used in the dip-coating pro-
cess. P-type Si (boron-doped) substrates were first
cleaned with RCA (Radio Corporation of America
cleaning technique) to get rid of the organic waste
and metal ions before beginning the deposition pro-
cess. Ag eutectic contacts (ohmic contact) were de-
posited as back and front contacts on the p-Si and n-
AZO surfaces, respectively, for current–voltage (I–
V ) measurements. The devices’ active area is about
1×1 cm2. The schematic illustration of the AZO/p-
Si heterojunction structure is depicted in Fig. 2.

3. Results and discussion

3.1. Electrical properties

The manufactured nanostructure AZO/p-Si het-
erojunction of diodes underwent electrical charac-
terizations at room temperature in the absence of
light. The experimental semilog I–V characteris-
tics of rectification-capable AZO/p-Si heterojunc-
tion diodes are depicted in Fig. 1. Anderson rule
is used to obtain the energy band diagram of the
diode at equilibrium, which results in a large band
discontinuity in the valence band offset (EV) and
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Fig. 2. The schematic structure of the n-AZO/p-
Si heterojunction.

Fig. 3. Forward and reverse semilog plot of
current–voltage characteristics under dark condi-
tions of n-AZO/p-Si (3C) and n-AZO/p-Si (6C)
heterojunctions.

a minor band discontinuity in the conduction band
offset (EC). A significant current (majority carrier’s
injection) is predicted from the AZO/p-Si junction
under forward bias, while an extremely low current
(minority carrier’s injection) is predicted from the
junction under reverse bias [39].

Figure 3 demonstrates that the rectification ratio
(RR), i.e., I(+5 V)/I(−5 V), of the AZO/p-Si diode
is determined to be 46090.65 based on the observed
current versus bias voltage.

The relationship between current (I) and volt-
age (V ) characteristics may be utilized to derive
the diode parameters using the Shockley equation

I = Is exp

(
qV

n kBT
− 1

)
, (1)

which is based on the thermionic emission
model [40, 41]. In (1), q and V denote the charge
of the electron and the applied bias voltage, respec-
tively; n refers to the junction ideality factor, kB is

Fig. 4. Semilog scale of forward I–V plotting of
n-AZO/p-Si (3C) and n-AZO/p-Si (6C) heterojunc-
tions under dark.

Boltzmann’s constant, and T is the absolute tem-
perature. The reverse saturation current is symbol-
ized by Is [40] and defined as

Is = AA∗T exp

(
− qΦb

kBT

)
, (2)

where A is the rectifier contact area, A∗ is the theo-
retical Richardson constant (32 A cm2/K2 for ZnO),
and Φb is the readily determined barrier height at
zero-bias in (2). The slope of the linear area of the
forward bias ln(I)–V plot can be used to compute
the ideality factor n, which can be expressed as [40]

n =
q

kBT
ln

(
Is

AA∗T 2

)
. (3)

Additionally, (3) may be expressed as follows,
if it is rearranged in accordance with the barrier
height [40],

Φb =
kBT

q

dV

d (ln(I))
. (4)

For the slight forward current area, the forward
bias diode current will be roughly equivalent to the
reverse saturation current. Therefore, for an applied
forward voltage (V > 3kBT

q ), (1) turns into [40]

ln(I) =
qV

nkBT
+ ln(Is). (5)

The ideality factors (n) derived from the slopes
of the linear areas (Fig. 4) are equal to 2.13 and
2.78 for the samples n-AZO/p-Si (6C) and (3C), re-
spectively. The intercept of the straight line of the
ln(I)–V plot at zero-bias is used to determine the re-
verse saturation current (Is), which is equal to 2.13
and 2.78 for the two samples. Both values of n are
larger than unity. In general, series resistances and
the existence of interface states are held responsible
for high values of n.

With the use of (4), we calculated the barrier
heights (Φb). The obtained values were 0.79 eV and
0.72 eV for 6C and 3C, respectively. The computed
values in this study are within reasonable limits,
considering that the difference between the semi-
conductor electron affinities of Si (= 4.97 eV) and
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Fig. 5. The log(I) vs log(V ) characteristics of the
heterojunction.

ZnO (= 4.25 eV) is 0.72 eV. When the n, Is, and
Φb values are evaluated with respect to those re-
ported in the literature [42–47], we see that the
value of Φb tends to rise as the AZO layer’s thick-
ness rises. This variation in Φb is elucidated by the
image force resulting form the image width deple-
tion region. AZO (6C) has a lower Is, a higher Φb,
and a relatively lesser n value compared to those
in the literature [42–47] It is worth mentioning that
high Φb values would be desirable in order to re-
duce Is and improve the rectification ratio (RR).
Thereby, RR increases with the increasing thick-
ness of the AZO layer. In order to better compre-
hend the charge transport mechanism in the Si/ZnO
heterojunction, the logarithmic graph of current–
voltage (log(I)–log(V )) under forward bias has been
investigated. According to Fig. 5, there are three
zones on the plot, indicating different conduction
mechanisms. (i) Region-I is the low forward volt-
age area (0.05–0.2 V), and the computed slopes
(m) for 6C and 3C, respectively, are 2.19 and 2.34.
This shows that the space-charge-limited current
(SCLC) mechanism governs the conduction mech-
anism of the n-AZO/p-Si heterojunction in this
voltage range [48, 49]. (ii) In Region-II (0.4–1 V),
only AZO/p-Si (6C) fluctuates exponentially with
voltage, and the slope of m = 4.83 is observed,
indicating that the trapped-charge-limited current
(TCLC) is responsible for the current [50–53]. In
this mechanism, the energy distribution of trap lev-
els within the forbidden band causes the slope to be
greater than 2. (iii) Region-III is the high junction
voltage area (1–4 V), which has an exponential dis-
tribution of trapping levels because the slopem > 3.
This finding is in good accord with the results from
the reference study [54]. This study revealed that
the current–voltage characteristics follow a power
law (I ∼ V L) in Region III.

Fig. 6. Plots of dV/d ln(I) and H(I) as a function
of current (I) of AZO/p-Si (3C) device in the dark.

Series resistance (Rs) and interface states/traps
or dislocations cause the I–V characteristics of the
devices to deviate from linearity at high forward
voltages. The following equation represents the I–V
characteristics in terms of the thermionic emission
(TE) model

I = Is exp

(
q(V −RsI)

n kBT
− 1

)
, (6)

where RsI represents the voltage drop across the
heterojunction diode series resistance, which is im-
portant and influences how the device behaves. The
technique suggested by Cheung et al. [55] and rep-
resented by the ensuing equation was used to obtain
the series resistance

dV

d(ln(I))
= RsI +

nkBT

q
. (7)

Figures 6 and 7 represent the plots of
dV/d(ln(I)) versus I for the samples (3C) and (6C),
respectively. The intercepts of the slope and the y-
axis are used to calculate Rs. These values are listed
in Table I [52, 54, 56–64]. The following Cheung’s
equations [55] provide the function H as a function
of current (I), which may be plotted to determine
Φb and Rs

H(I) = V−nkBT
q

ln

(
I

AA∗ T 2

)
= RsI+nΦb.

(8)
The plots of H function with respect to current I

are shown in Figs. 6 and 7 for the samples (3C)
and (6C), respectively. It is observed thatH(I) rises
linearly as current I rises. The slope of the curve is
employed to calculate the value of Rs. Using the
ideality factor determined by (7), the barrier height
Φb is computed from the y-intercept. All results for
the devices are displayed in Table I. The Rs val-
ues calculated from the dependence H(I) are close
to the values obtained by the thermionic emission
model.

To clarify the barrier heterogeneity found in con-
ventional TE theory, several researchers [65–67] ex-
amined a system of discrete interface areas of Φb.
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TABLE IExtracted AZO/p-Si heterojunction parameters and literature comparison.

n Is [A] Φb [eV] RR
Rs [kΩ] =
dV/d ln(I)

Rs [kΩ]
H function

Φb [eV]
Deposit
technique

(AZO layer)
Ref.

2.78 2.52 × 10−7 0.78 3196@±4 V 1.535 1.512 0.71 sol–gel (3 cycles) our work

2.13 1.93 × 10−8 0.85 5253@±4 V 0.828 0.885 0.76 sol–gel (6 cycles) our work

2.70 6.00 × 10−8 0.70 52@±5 V 0.750 0.730 0.70 chem. bath dep. [56]

5.90 1.10 × 10−7 0.78 923@±4 V 0.243 0.118 0.79 sol–gel [57]

1.43 1.24 × 10−9 0.825 25867@±5 V – – – APCVD∗ [58]

1.96 – 0.70 – 5.070 10.340 0.49 chem. bath dep. [52]
10 1.00 × 10−6 0.696 22@±3 V 3.2 – – chem. bath dep. [59]

2.16 3.66 × 10−8 0.59 7530@±2 V 76 88 0.63 RF sputtering [60]

2.66 – 0.80 – 301 – 0.98 chem. bath dep. [54]

2.38 1.10 × 10−7 0.74 40@±4 V 2.69 2.706 0.85 chem. bath dep. [61]

2.20 1.26 × 10−10 0.79 995@±5 V 75 75.4 0.72 sol–gel [62]

3.20 – 0.74 840@±5 V – – – RF sputtering [63]

– 7.33 × 10−9 0.87 – 6.280 5.6 0.90 spray pyrolysis [64]
∗ atmospheric pressure CVD

Fig. 7. Plots of dV/d ln(I) and H(I) as a function
of current (I) of AZO/p-Si (6C) device in the dark.

Even at scales far lower than the width of the
depletion area (WD), the change in Φb may still
occur. Because of this, it is likely that the pres-
ence of barrier inhomogeneities at the interface
will significantly affect the charge transport mech-
anism across the diodes. Additionally, it should
be remembered that the ideality factor, which de-
termines the degree of lateral Φb inhomogeneity
at the actual diode interfaces, rises with lowering
zero-bias Φb [68].

The extracted parameters of the AZO/p-Si het-
erojunction were compared with the results re-
ported in the literature, as exposed in Table I. The
values of Rs for our heterojunction are smaller than
the values reported by [54, 56–59, 64] and higher for

the others. However, barrier heights (Φb) and ideal-
ity factors (n) are in agreement with the reported
values.

The electrical parameters extracted for
n-AZO/p-Si heterojunction have been com-
pared with the literature, as shown in Table I. The
ideality factors n were found to decrease from 2.78
to 2.13 with an increasing number of layers from
3C to 6C, which is in the same order of magnitude
as the findings reported in [54, 56, 60–62]. In the
same direction, the saturation current (Is) was
found to decrease under doubling thickness while
remaining closer to values given in the litera-
ture [57, 60, 61, 66]. However, the barrier height
increased for both models, remaining close to the
compared references. Similarly, the rectification
ratio increased from 3196 at ±4 V to 5253 at ±4 V
with increasing thickness of the emitter layer,
showing a large discrepancy with the reference
values. The values of series resistances decreased
from 1.535 and 1.512 kΩ to 0.828 and 0.885 kΩ,
as obtained from dV/d ln(I) and H function
by doubling the number of cycles, respectively.
These values are comparable to those found
in [56, 57], however lower than the values reported
by [52, 60–62, 64].

Figure 8 displays the I–V characteristics of
the AZO/p-Si heterojunction diode in both dark
and light conditions. Optical radiation causes an
augment in the forward and reverse currents. The
rise in reverse current is far higher than anticipated.
This shows that the I–V curve of the AZO/p-Si
heterojunction is altered by the amount of pho-
tocurrent, indicating that it is a photodiode. The
structure’s depletion zone, where light induces elec-
tron generation, is where the photoelectric effect
occurs [69].
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3.2. Photoluminescence study

Photoluminescence (PL) indeed stands out as
a potent spectroscopic technique for delving into
the luminescent characteristics of materials and
unraveling the mechanisms governing their emis-
sions. In line with this, Fig. 9 presents the room-
temperature PL spectra associated with the het-
erostructure formed by the samples (3C and 6C),
both synthesized with a consistent Al doping con-
centration of 2 wt%. The spectra were acquired
within an energy range from 3.8 to 1.2 eV (325–
1000 nm) using a UV excitation source with an en-
ergy of 3.82 eV (325 nm). Overall, well-crystallized
ZnO exhibits a distinct and intense UV emission,
primarily attributed to the recombination of free
excitons consisting of electron–hole pairs (denoted
as e−/h+) [70]. This process is often referred to as
near-band-edge emission (NBE). Additionally, ZnO
displays a broad and less intense visible emission,
which arises from deep-level defects. Notably, both
of our samples exhibit these characteristic behav-
iors. However, a slight alteration in the shape of
the PL spectra can be discerned. This change is as-
cribed to variations in the contribution of defects in
the de-excitation process.

In accordance with multiple reports [71–74], the
most frequently observed mid-gap electronic states
in ZnO are linked to various factors. These include
the free exciton (FX, situated 0.06 eV from the
conduction band minimum or CBM) and intrin-
sic defects such as zinc interstitials (Zni, positioned
0.22 eV below CBM), zinc vacancies (VZn, lo-
cated 0.30 eV above the valence band maximum
or VBM), oxygen interstitials (Oi, found 1.09 eV
above VBM), and oxygen vacancies (VO, with en-
ergy levels at 1.65 eV and 0.9 eV below CBM).
Besides, extended states associated with zinc in-
terstitials (ex-Zni) have been reported to reside
within the energy range from 0.54 to 0.635 eV be-
low CBM in ZnO [75]. As demonstrated in Fig. 9,

Fig. 8. Current–voltage characteristics curves
AZO/p-Si heterojunction under dark and illumina-
tion.

Fig. 9. (a) Room-temperature PL spectra of AZO
thin films deposited on p-type Si substrates under
an excitation wavelength of 325 nm. (b) Energy
level diagram showing the mechanism of main de-
fect emissions.

PL emission from ZnO can be categorized into two
distinct bands within the UV region. These are re-
ferred to as UV luminescence (UVL) with an energy
of 3.27 eV and violet luminescence (VL) centered
at approximately 2.9 eV. Additionally, the visible
region of the spectrum reveals five discernible com-
ponents: blue luminescence (BL) centered around
2.65 eV, green luminescence (GL) at roughly 2.3 eV,
yellow luminescence (YL) at 2.1 eV, red lumines-
cence (RL) at 1.85 eV, and near-infrared lumines-
cence (NIRL) at 1.65 eV. As mentioned above,
UVL is due to NBE emission and originated from
FX recombination. Whereas, the possible electronic
transitions responsible for VL are Zni → VBM
and/or CBM → VZn transitions [71, 73]. BL, GL,
YL, and RL bands can be generated from Zni →
VZn/ex− Zni → VBM, CBM→ Oi, Zni → Oi, and
ex-Zni → Oi transitions. Finally, NIRL at 1.65 eV
has been attributed to CBM→ VO electronic tran-
sition [74]. All these mechanisms are summarized in
the energy level diagram shown in Fig. 9b.

Comparing the two samples, it becomes evident
that as the cycle number increases (6C), there is a
notable enhancement in the VL and BL bands, ac-
companied by a reduction in the YL and RL ones.
This observation suggests an increase in the Zni
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TABLE II

CIE coordinates and CCT/Duv calculated for
ZnO:2% Al thin films.

Samples
CIE 1931 CCT

[K]
Duv

CIE 1976
x y u’ v’

3C 0.427 0.409 1380 0.0032 0.243 0.524

6C 0.367 0.392 4454 0.0112 0.211 0.505

and ex-Zni defect levels, which in turn leads to a
higher rate of recombination of electrons involved
in Zni → VBM and ex-Zni → VBM transitions.
Consequently, this results in a decrease in their con-
tribution to deep-level defects (Zni → Oi and ex-
Zni → Oi).

As a result, the presence of the Zni defect, act-
ing as a shallow donor, likely contributes to the im-
provement in electrical properties. Specifically, Zni
introduces additional electrons into the conduction
band. These extra electrons are positioned relatively
close to CBM and demand minimal energy to be-
come mobile charge carriers. Consequently, the in-
troduction of Zni defects augments the concentra-
tion of free electrons within the ZnO material, thus
resulting in enhanced electrical conductivity.

3.3. CIE coordinates, CCT/Duv
and color properties

The determination of chromatic coordinates
according to Commission Internationale de
l’Eclairage (CIE), known in English as the In-
ternational Commission on Illumination, and
correlated color temperature (CCT) of ZnO:2% Al
thin films were performed from emission spectra
under λex = 325 nm (Table II). CIE coordinates
and CCT are interesting parameters in defining
if the samples with a specific emission intensity
can be useful for display or lighting applications.
CCT is a measurement of how yellow or blue
the light emitted by a light bulb appears. It is
measured in Kelvin degrees and is most commonly
found between 2200 and 6500 K. CIE coordinates
were calculated according to CIE 1931 and CIE
1976 colorimetry standards (Table II) and are
represented in Fig. 10a and b, respectively. The
additional metric, Duv (short for “Delta u,v”), mea-
sures the distance between the test light source’s
coordinate of chromaticity and the nearest spot on
the Planckian locus (Fig. 10a). It is typically used
in conjunction with a CCT value to describe how
close is a specific light source to the black body
curve (pure white). When discussing color-sensitive
lighting applications, Duv is an important metric
to consider. This is because the CCT alone does
not reveal sufficient details about the precise color.
The procedure of parameter calculation in Table II
can be found in detail elsewhere [76].

Lamps with a CCT 3200 K are often thought
of as “warm” sources (yellowish-white through red),

Fig. 10. Chromatic coordinates of ZnO:2% Al thin
films according to (a) CIE 1931 and (b) CIE 1976
standards.

whilst those with a CCT > 4000 K are thought of
as “cool” sources (bluish-white) [77]. According to
Fig. 9a, the CCT value of the sample 3C (1380 K)
falls in the warm white light region (CCT < 3200 K)
above the tungsten lamp (2836 K) [78], which is
closer to 200 W or higher light bulb for movie cam-
eras and flash bulbs. However, the CCT value of the
sample 6C (4454 K) is located in the cool white light
source region (CCT > 4000 K) above those of the
fluorescent tube (3937 K) [78], which is equivalent
to daylight observed 2 h after sunrise, showing its
more appropriateness to employ as a LED source in
homes, hospitals, and office spaces, etc.

It has also been observed that with increasing
the emitter layer thickness from 3C to 6C, CCT of
the latter gets closer to 6504 K, which is CCT of
D-65 illuminate, the CIE standard for daylight [79].
The CIE coordinates of the 6C sample are (0.367,
0.392), which is near the standard equal energy
point value (0.333, 0.333), representing white light
emission. Furthermore, both Duv values of the sam-
ples are positive (Table II), which indicates the blue
points above the black body curve. However, unlike
the Duv of the 6C sample (0.011), the one of the
3C sample (0.0032) is located within the acceptable
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shift range (±0.006) for many organizations, such as
the US National Institute of Standards and Tech-
nology (ANSI) and Energy Star [80–82].

4. Conclusions

In this work, the optical and electrical properties
of n-AZO/p-Si heterojunctions were investigated.
AZO thin films were deposited onto p-Si substrates
via a simple and low-cost sol–gel dip-coating tech-
nique with 3 and 6 cycles. The manufactured n-
AZO/p-Si heterojunction device’s I–V characteris-
tics showed that the current was strong under for-
ward bias and very low under reverse bias. The ide-
ality factors (n) dropped from 2.78 and 2.13 for the
samples of n-AZO/p-Si (3C) and (6C), respectively,
as the number of layers increased. However, the bar-
rier height (Φb) was found to increase with doubling
the number of layers (0.72 eV and 0.79 eV for 3C
and 6C, respectively). The rectification ratio (RR)
increased from 3196 to 5253 at ±4 V with increasing
thickness of the emitter layer. Some diode parame-
ters were calculated according to the thermionic and
Chueng models and found to be in a range compara-
ble to the literature. The optical properties studied
by PL showed typical emission spectra of AZO thin
films characterized by high emission band around
389 nm, which is due to the excitons (e−/h+) re-
combination. The wide emission band in the visi-
ble region is attributed to different intrinsic defects
in ZnO-doped Al thin films. A chromaticity analy-
sis that took into account color attributes demon-
strated that the investigated heterostructures could
be taken into consideration as a viable option for
W-LED manufacturing using an n-UV/blue LED
chip as the excitation source.
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