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Improved performance of small
molecule organic solar cells by
incorporation of a glancing angle
deposited donor layer

Qi Jiang & Yingjie Xing"

Improving the photovoltaic performance directly by innovative device architectures contributes much
progress in the field of organic solar cells. Photovoltaic device using different kinds of heterojunction
with the given set of organic semiconductors paves the way to a better understanding of the working
mechanism of organic heterojunction. Here, we report on the fabrication of a new device structure
without employing extra material. A thin film of the donor material (chloroaluminum phthalocyanine
(CIAIPc)) is inserted between CIAIPc:C60 bulk heterojunction (BHJ) and C60 layer by glancing angle
deposition. A CIAIPc/C60 planar heterojunction co-exists with CIAIPc:C60 BHJ simultaneously in this
device. Higher efficiency is obtained with this novel device structure. The effects of this additional CIAIPc
layer on open-circuit voltage and fill factor in photovoltaic cells are studied. This work provides a new
route to improve the device performance of organic solar cells.

As the first prototype of organic solar cell, small molecule organic photovoltaic device has attracted intensive
research interest since three decades ago'. Photovoltaic cells with metal phthalocyanine as the donor and fuller-
ene as the acceptor have shown good performance and are long been regarded as an ideal candidate for studying
the working mechanism of organic solar cell>*. As more and more novel donor/acceptor small molecules are
designed and synthesized, a continuous enhancement of energy conversion efficiency is achieved due to broader
optical absorption and more efficient charge transport in small molecule photovoltaic devices®=°.

Comparing to the significant progresses in molecular synthesis, less improvements are obtained in device
architecture of small molecule organic solar cell'”#. Planar heterojunction (PHJ) is the first kind of device struc-
ture of organic photovoltaic device’, but this structure is rarely employed nowadays because the pristine PHJ
device usually shows poor efficiency’. The efforts to modify the device structure beyond PH]J create two kinds of
novel donor/acceptor interface. While still keeping two unmixed donor and acceptor regions, a rough interface
between donor and acceptor formed by glancing angle deposition (GLAD) technique, improves the conversion
efficiency significantly'®!!. Both efficient charge transport in pure donor/acceptor region and larger interface
area for exciton dissociation are proposed as the benefits due to this rough and unmixed interface. The other
innovative structure is the molecular scale mixture of donor and acceptor, which is called bulk heterojunction
(BH]J). BH]J is the most popular device structure in the field of organic photovoltaic device, and almost all high
efficiency organic solar cells adopt this structure. In small molecule solar cells, BHJ is usually sandwiched between
a donor layer and an acceptor layer, which is called p-i-n structure. It is found that three factors of devices in p-i-n
structure, i.e., short-circuit density (J,.), open-circuit voltage (V,), and fill factor (FF), are mainly determined by
BH]J. High efficiency is obtained when the balance of more optical absorption and less charge loss is approached
by optimizing the film thickness and the D/A ratio of BHJ accurately'.

The aim of most above discussed efforts, including both molecule synthesis and BH] optimization, focuses
on how to obtain higher J, V,, and FF by tuning the “internal” property of BH]J. For example, because V,_ is
generally believed to be limited by a voltage difference between the highest occupied molecular orbital (HOMO)
level of the donor and the lowest unoccupied molecular orbital (LUMO) level of the acceptor, a larger V. is hoped
by employing novel donor-acceptor molecules with larger voltage difference'? In addition to various studies to
adjust the “internal” property of BHJ devices directly, there are some other attempts to indirectly improve the
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device performance by imposing “external” influence on BHJ, e.g., more optical absorption due to proper design
of light trapping configurations'>'%.

The success of BHJ has been proved by the significant enhancement of J,. comparing with that in PHJ devices.
However, FF and V,. in BHJ devices, the other two factors determining the efficiency, are difficult to improve
continuously due to the restriction of the “internal” property of BHJ. It is well known that FF is easily influenced
by some intrinsic factors in BHJ, e.g., randomly mixed morphology, unbalanced mobility of donor and acceptor,
and bimolecular recombination'®. For V,, a tradeoff between the achievable V,_and the charge carrier generation
efficiency is found in many BHJ devices. That is to say, if a larger V,_ is obtained by using novel donor and acceptor
molecules with more optimal energy level offset, the driving force for charge generation in BHJ will be weakened
inevitably'®'”. This contradiction reveals another intrinsic limitation coming from the “internal” property of
BHJ. Here, we improve V, and FF of small molecule BH]J photovoltaic devices by an “external” factor. We change
the interface between BHJ (i) and the acceptor layer (n) in common p-i-n structure and produce a novel p-i-p-n
structure. A thin donor layer is intentionally deposited behind the BH]J layer as the second p layer, resulting in an
extra PHJ (p-n). Chloroaluminum phthalocyanine (ClAIPc), a kind of metal phthalocyanine with optical absorp-
tion in near-infrared band'?, is used as the donor in this work. We obtain higher efficiency in CIAIPc/CIAIPc:C60/
ClAIPc/C60/bathocuproine (BCP)/Al device. The effect of the second ClAIPc layer on the photovoltaic perfor-
mance is investigated detailedly. It is found that higher efficiency of p-i-p-n structure comes from CIAIPc/C60
PHJ with a proper build-in field. To the best of our knowledge, this result is the first report on the effect of an extra
build-in field on BHJ inside a photovoltaic cell. Our work shows the property of D/A interface in equilibrium state
can be used to improve the performance of BH]J in non-equilibrium in organic photovoltaic devices.

Methods

Device fabrication and measurement. Cleaned indium tin oxide (ITO) glasses are used as the substrates
in all devices. CIAIPc (Yannuo Chem., purity 99%) is used as the donor material. The chemical structure of
ClAlPc is shown in the Supplementary Information. Fullerene C60 (Yannuo Chem., purity 99%) is used as the
acceptor material. BCP (Yannuo Chem., purity 99%) is used as the cathode buffer material. All above materials
are used as received. The donor:accepter (D/A) mixtures are all in weight ratio 1:1. The devices are fabricated in a
commercial vacuum deposition system (ULVAC-KIKO VWR-400M/ERH). The procedure of device fabrication
is similar to our previous experiment'®. Organic materials are deposited onto ITO substrates successively at a rate
of ~0.05nm/s under a pressure of ~1 X 10~*Pa. Aluminum is deposited at a rate of ~0.5 nm/s under a pressure
of 5 x 1073 Pa. The film thickness and deposition rate are monitored in situ using a quartz crystal oscillator. The
area of a single device is 4 mm?. At least three batches of photovoltaic devices are prepared under each condition.
The best efficiency in each batch is used to compare in this work. A sunlight simulator (Newport Oriel 91160) is
used to illuminate the sample with the power of 100 mW/cm? The current-voltage (I-V) curves are measured by
an electrochemical analyzer. All I-V measurements are performed in air. Optical absorption is measured with a
UV-Vis-NIR spectrophotometer (Cary 5000) in air. Atomic force microscope (AFM, DI NanoScope) is used to
scan the surface of GLAD deposited CIAIPc film.

Two types of device architecture are prepared in our experiments. The first type (p-i-n), CIAIPc/CIAIPc:C60/
C60/BCP/AL is prepared by normal deposition, in which the evaporation flux reaches the substrate perpendic-
ularly. Type I devices have the thicknesses of CIAIPc (10 nm)/CIAIPc:C60 (40 nm)/C60 (10 nm)/BCP (8 nm)/Al
(80nm). For the second type (p-i-p-n), CIAIPc/CIAIPc:C60/CIAIPc/C60/BCP/Al, GLAD is used to deposit an
additional CIAIPc layer behind CIAIPc:C60 BHJ, and normal deposition is used to deposit all other layers. The
angle of the substrate relative to the incident beam is tuned in the vacuum chamber in situ by manual operation?.
Tuning degree is approximately 85°. Fig. 1a,b show two kinds of deposition schematically. The actual thickness of
GLAD deposited CIAIPc layer cannot be determined by the quartz crystal oscillator directly. We try to determine
the thickness by AFM but fail because the GLAD film is rather coarse and thin. Hereafter, we use the monitored
thickness as a relative indicator to compare the thickness of CIAIPc layer deposited in glancing angle. We carefully
optimize the thicknesses of CIAIPc (GLAD) film and two layers next to it (ClIAIPc:C60 and C60). The thickness
of other layer in type II device is maintained as the same value as in type I device. The optimal type II devices
have the thicknesses of CIAIPc (10 nm)/CIAIPc:C60 (30 nm)/CIAIPc (GLAD, 20 nm)/C60 (15nm)/BCP (8 nm)/
Al (80nm). The calculated thickness of GLAD deposited CIAIPc layer with a monitored thickness of 20 nm is esti-
mated to be approximately 2 nm according to the trigonometric relation. We note that the scanned morphology
by AFM measurement deviates from this value (2 nm) significantly. Detailed result of characterization of GLAD
deposited CIAIPc will be shown in following section.

Field emission measurement. A home-made field emission microscope is designed and fabricated to
investigate the band bending in organic PHJ. The base pressure of field emission microscope is ~2 x 1077 Pa.
ClAIPc/C60 PH] is deposited layer-by-layer on a tungsten tip and field emission measurement is conducted in
situ in sequence to measure the thickness dependence of work function. Each layer has a thickness of 1-2nm. The
total thickness of the organic PH]J on top of the bare W tip is ~15nm. The field emission from the fresh deposited
surface is quite stable without the influence of absorption. The voltage applied on the tip is limited to make sure a
small emission current (<5 x 107% A). The details of the field emission measurement can be found in ref. 2!. and
the Supplementary Information.

Results and discussion

The potential of CIAIPc as a candidate of near-infrared sensitizer has been studied and a growth rate dependent
efficiency is observed in C1AIPc/C60 PHJ devices'®. Further improvement of the performance of CIAIPc/C60
PHJ and ClAIPc:C60 BHJ devices is achieved by using anode buffer layer and heated substrate holder to initiate a
template growth of CIAIPc film?2. The oriented ClAIPc film formed under dedicated conditions is found to be the
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Figure 1. Schematic illustration of two kinds of deposition style. (a) normal deposition (type I devices, CIAIPc/
ClAIPc:C60 and C60/BCP/Al layers in type II devices), (b) glancing angle deposition (the second CIAlPc layer
in type II devices). Device structure and schematically device model of type I and II devices are also shown.

Device No. Joe (mA/cm?) | V,.(V) |FF | PCE | R,(Q/cm?) | Ry (@/cm?) | n

Standard device A 5.20 0.55 0.40 | 1.16% | 0.98 222.74 1.85
Modified device B 4.80 0.71 0.43 | 1.46% | 0.46 395.19 2.59
Type II devices (average) 4.88 0.72 0.40 | 1.42% |0.54 347.62 2.74
Device C 4.05 0.74 042 | 1.25% |0.74 512.80 2.78

Table 1. Photovoltaic performance and extracted parameters of devices.

key factor for the better photovoltaic performance than that in the pristine devices with amorphous CIAlPc layer
grown without bottom template molecules and at room temperature. In addition to above method of introduc-
ing an oriented ClAlPc film, it is still desirable to find other approach independent to the template material and
substrate temperature to improve the efficiency of CIAIPc:C60 BHJ device, which can provide more insight to the
“internal” property of BHJ.

We fabricate CIAIPc/CIAIPc:C60/C60/BCP/Al device firstly. CIAIPc:C60 BH]J layers with different thickness
and D/A ratio are deposited and the corresponding efficiencies are compared. The optimized CIAIPc:C60 BHJ
has a thickness of 40 nm and a D/A ratio of 1:1. The best device shows an efficiency of 1.16%. We call this device
as standard device A. The parameters of this device are listed in Table 1 and the measured current density-voltage
(J-V) curve is plotted in Fig. 2. We try to further improve the device performance beyond the optimization
technique.

We have enlarged V,. in zinc phthalocyanine (ZnPc): 3,4,9,10-perylene tetracarboxylic bisbenzimidazole
(PTCBI) BH]J device by an extra build-in field formed in a small molecule cathode buffer'’. Here we increase
V,. in CIAIPc:C60 BHJ device by a similar way. It is known that the position of V, is defined at the zero-current
point, where the photocurrent equals to the injection current. This definition means that if the photocurrent does
not change, V,. will be enhanced by a suppressed injection current'>?* This method of enhancing V.. is shown in
Fig. 3a schematically. Although the idea of this method is simple, how to suppress the injection current but not
influence the device performance under light irradiation is not facile. Based on the theory of organic-organic
heterojunction?*-2%, we choose a way to suppress the injection current by introducing an additional diode-like
PH] in the photovoltaic device. However, some requirements, such as energy levels between neighbor organic
materials, the direction of build-in field in PHJ, and the influence of PHJ on optical absorption in original BH]J,
must be considered prior to device fabrication. We use the same D/A material, i.e., CIAIPc/C60, to fabricate both
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Figure 2. Current density-voltage (J-V) curves of standard device A modified device B and device C in the dark
and under light illumination.

PH]J and BH]J, because an additional thin CIAIPc/C60 PH]J can fulfill all above requirements. For example, a large
variation of optical absorption in BHJ will not be induced by such a PHJ. The direction of build-in field and the
energy levels will be discussed in the following section.

No data of the band bending in CIAIPc/C60 PHJ is reported in literature. We measure the band bending
in CIAIPc/C60 PH]J by field emission. The standard Fowler-Nordheim model for field emission is employed to
obtain the dependence of work function on film thickness?!. The measured shift of vacuum level in CIAIPc/C60
PH]J is shown in Fig. 4. This shape of band bending is similar to a traditional inorganic p-n junction, indicating
a build-in field with the direction from C60 (n) to CIAIPc (p). More details of the field emission measurement
and calculated slopes of Fowler-Nordheim plot can be found in the Supplementary Information. We note that the
build-in field in CIAIPc/C60 PHJ is generated in the equilibrium state, which means the effect of this field exists
regardless of the illumination condition and the bias.

Based on the direction of build-in field in CIAIPc/C60 PHJ, we propose that type II devices should have a
structure of CIAIP¢c/ClAIPc:C60/CIAIPc/C60/BCP/Al. CIAIPc/C60 PHJ acts as an additional diode in this modi-
fied device to suppress the injection current. However, the second CIAIPc layer sandwiched between CIAIPc:C60
BHJ and C60 layer can behave as an obstacle to extracting electrons dissociated in CIAIPc:C60 BHJ. We use
GLAD technique to solve this problem. It is known that the film prepared by GLAD usually has a rough surface.
This phenomenon means that in a thin film deposited by GLAD, some regions may be rather thin, or even “trans-
parent”. We use AFM to scan the surface of CIAIPc layer deposited on ITO glass by GLAD. The thickness of this
film recorded by quartz crystal oscillator is ~20 nm. The AFM image is shown in Fig. 5, demonstrating a rather
coarse morphology in GLAD deposited film. Calculated roughness of this film is 3.02 nm, which is larger than
that of a film deposited horizontally (2.17 nm). Thin regions in GLAD deposited film provide transport routes
with much less barrier for electrons.

It has been summarized that restricting the reverse dark saturation current in BHJ can increase V,. in organic
solar cells'>. We note that our work is completely different from this method. The mechanism of the suppressed
injection current here is due to the insertion of a diode-like PHJ, whereas for BHJ, no particular treatment is
conducted to influence its reverse dark saturation current. The dark currents of type I and II device are shown in
Fig. 2. The shift of dark current to the right in type II device clearly confirms the injection current is effectively
suppressed by incorporation of a thin CIAIPc film. More experiment to testify the effect of CIAIPc/C60 PHJ on
dark current can be found in Supplementary Information. We schematically draw device model of type I (one
diode) and II devices (two diodes connected in series) in Fig. 1 according to above results. Figure 2 shows an
obvious improvement of V, in a type II device under illumination as expected. The highest efficiency of type II
devices is 1.46%. This device is denoted as the modified device B. More experiments are conducted to confirm the
improvement of V. and efficiency. The average values of parameters of type II devices fabricated in three batches
are also listed in Table 1. Comparing to standard device A, lower ], higher V,, and similar FF appear after incor-
poration of a GLAD deposited CIAIPc layer.

A small reduction of J. is found in type II devices. We measure the optical absorption of ITO/CIAIPc/
ClAIPc:C60/C60 and ITO/CIAIPc/CIAIPc:C60/ClAIPc/C60 sample. The absorption spectrum is shown in Fig. 6.
Only slight difference is observed between two samples. Different from the single BH]J in type I device, exciton
dissociation in type II device occurs in two heterojunctions: a thinner CIAIPc:C60 BHJ and an additional CIAIPc/
C60 PHJ. It is known that PHJ shows much less power to dissociate excitons than BH]J. Therefore, smaller J. in
type II devices reflects the decreased quantity of exciton in thinner BHJ and reduced power of exciton dissocia-
tion in PHJ.

It should be noted that the efficiency of organic solar cell can hardly be improved by above approach of sup-
pressing the injection current itself, because just shifting V. position to the right side will deteriorate FF inevi-
tably at the same time. Figure 3a schematically shows the interplay between V. and FF when injection current is
suppressed. It can be seen that the slope of J-V curve in front of the V,, point decreases obviously after the shift of
V,.. In the present work, FF keeps almost the same value while V, enlarges, which is observed in many samples.
This phenomenon reveals the charge extraction is greatly enhanced in the bias range surrounding 0.55V (V, of
standard device A) in type II devices than that in type I devices. We think that there should be the other role of
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Figure 3. Schematic demonstration of the shape change of J-V curve considering the effects of CIAIPc/C60
PHJ. (a) Considering only the effect of suppressing the dark current (label ®). V,. enhances correspondingly in
this case (label @). The slope of J-V curve (purple) in front of the V,,. point is less than that of J-V curve (green).
Jon is the photo-generated current density. (b) Considering only the effect of extracting the dissociated charges
(label ®). The output current enlarges under such a small “external” field (label ®). We think that in a voltage
range closing to V,, the effect of a small “external” field on charge extraction is similar to a small bias deviation
to the left direction from V,. (marked as a “red arrow”). Supposing under a particular bias, the original output
current (blue dot in green curve) is equal to the extracted current by the “external” build-in field (the upper blue
arrow), then the final output current enlarges to two times of the original current, because the original current
will superimpose on the extracted current (the upper blue arrow moves down). Therefore, the slope of J-V curve
(purple) in front of the V. point is larger than that of J-V curve (green). (c) Effects of both improved V,, (label
®) and enlarged output current (label @). The slope of J-V curve (purple) in front of the V,, point is similar to
that of J-V curve (green). Green curve: original type I device. Black dash curve: imaginary J-V curve with only
V,. shift. Purple curve: modified type II device.

ClAIPc/C60 PHJ besides suppressing the dark current, and this role compensates the deterioration effect on FF
due to V, shift.

Comparing to J,. and V,, FF is proposed to be the least understood parameter in organic solar cell'®. There still
lacks a sophisticated theory about how to calculate FF from the viewpoint of device working mechanism up to
date’>. We propose that the “external” field, generated in CIAIPc/C60 PHJ, greatly improves the charge extraction
in the bias range surrounding 0.55V in type II devices, resulting in an almost undeteriorated FE. We have shown
that the build-in field in CIAIPc/C60 PHJ has the same direction with the electron extraction, and this field exists
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Figure 4. Vacuum level (VL) shift in CIAIPc/C60 heterojunction measured by field emission. Inset: Schematic
demonstration of band bending and build-in field direction in CIAIPc/C60 heterojunction.

Figure 5. AFM image of surface morphology of CIAIPc thin film deposited in glancing angle on ITO glass.
Thin and thick areas randomly distribute in the film.
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Figure 6. Optical absorption spectrum of ITO/CIAIPc/ClAIPc:C60/C60 and ITO/CIAIPc/CIAIPc:C60/
CIAIPc(GLAD)/C60 sample.

regardless of the bias and light illumination. GLAD deposited CIAIPc film is rather coarse, resulting in roughly
two parts in the film: thicker than the average thickness and thinner than the average thickness. The thinner
part can be regarded as more suitable sites for electron extraction from ClAIPc:C60 BHJ, whereas for the thicker
part connecting C60 layer, it contributes the build-in field to extract electrons from CIAIPc:C60 BHJ. Therefore,
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a ClAlPc layer deposited by GLAD plays the key role in p-i-p-n structure. The energy level diagrams of type II
device are shown in Fig. 7, demonstrating two kinds of band diagram in a same CIAIPc/C60 PH]J. The values of
energy level in Fig. 7 are adopted from ref. %7.

It is known that under the open-circuit bias, i.e., 0.55V for the standard device A, zero output current appears
because all charges recombine and lose totally. A rather sensitive dependence of the charge carrier recombina-
tion/extraction on the actual field inside the active layer is therefore concluded in the bias range surrounding
V.. point'2. A benefit of a proper variation of the actual field inside the active layer has been reported in such a
bias range. Increased FF in small molecule organic solar cell is found because of employing an organic/low work
function metal bilayer buffer with a suitable build-in field®. In the present work, a small “external” field exists
in CIAIPc/C60 PHJ besides CIAIPc:C60 BH]J. This “external” field has a direction from C60 layer to CIAIPc:C60
BHJ, and shows a beneficial effect on electron extraction out of CIAIPc:C60 BH]J to C60 layer when the original
field in the active layer is not large enough to extract electrons. This effect becomes more significant in the case
of a bias range closing to 0.55 V. More extracted electrons under the “external” field than those under the original
field means a larger output current, leading to a larger slope of J-V curve in front of the V,, point. This effect of
the build-in field in CIAIPc/C60 PH]J on FF is schematically drawn in Fig. 3b. We think that although the build-in
field in CIAIPc/C60 PHJ may be neglected under a bias far from the open-circuit voltage, its effect on charge
extraction is obvious in the bias range surrounding 0.55 V. Such a mechanism to improve charge extraction shows
the other role of CIAIPc/C60 PH]J. In an actual type II device, FF must be influenced by both roles of CIAIPc/C60
PHJ simultaneously, resulting in an almost undeteriorated FF. Figure 3¢ schematically shows the shape change of
J-V curve after the shift of V,. and the enlargement of output current.

According to classic semiconductor device theory, FF is influenced by diode ideality factor (n), series resistance
(R,), and shunt resistance (Ry,)*. An undeteriorated FF value in type II devices seems to suggest similar device
parameters as those in standard device A. We extract three device parameters (R, Ry, n) from measured J-V curves
based on a method reported in ref. *°. The values of n, R, and Ry, are listed in Table 1. It can be seen that comparing
to the values in standard device A, larger n, lower R, and higher Ry, appear in type II devices. Lower R, and higher
Ry, reveal that the behavior of two connected heterojunctions (CIAIPc:C60 BHJ and CIAIPc/C60 PHJ) are more clos-
ing to an ideal photovoltaic diode than a single BHJ device. Another difference between type II devices and standard
device A is the value of n. The standard device A has an ideality factor of 1.85, whereas for the type II devices, the
average value of ideality factor is close to 3. A value of n between 1 and 2 in inorganic diode means the occurrence of
charge recombination within the depletion region based on classic semiconductor device physics. A similar ideality
factor between 1 and 2 is often extracted in organic BHJ solar cells, but the actual physical meaning of this value of n
is not quite clear up to date'®. Generally, a value equal to or less than 2 is usually recognized as a normal range of ide-
ality factor in organic BH]J devices, although a value of n larger than 2 has been reported in some cases®'. In the pres-
ent work, an ideality factor larger than 2 appears in many type II devices. We believe that this phenomenon closely
relates to the appearance of two connecting heterojunctions, i.e., CLAIPc:C60 BHJ and ClAIPc/C60 PHJ, in type II
devices. High ideality factor has been studied in AIGaN/GaN diode with multiple heterojunctions for a long time*.
It is concluded that the ideality factor extracted from measured J-V curve can larger than 2 if some extra rectifying
heterojunctions exist in a true diode device. The extracted n can be roughly regarded as the sum of ideality factor in
each individual heterojunction. We have observed such a phenomenon of an ideality factor larger than 2 in organic
photovoltaic devices with multiple heterojunctions®. A value of n larger than 2 is plausible when CIAIPc:C60 BHJ
connects with CIAIPc/C60 PH]J directly, and this ideality factor does not mean more severe recombination in type II
devices. Above numerical simulation result indicates that there are some differences in device parameters between
photodiodes with one or two heterojunctions, even when these two devices have a similar FF.

Although our result shows the benefits of incorporation of CIAlIPc layer between CIAIPc:C60 BHJ and C60
layer, there are still some questions on the modified p-i-p-n structure. A possible current generated in CIAIPc/
C60 PHJ under illumination has a wrong direction opposite to the photocurrent generated in CIAIPc:C60 BHJ.
We think this effect can be neglected because the average thickness of CIAIPc film is very small. This assumption
can be confirmed by the optical absorption spectrum of two kinds of devices (shown in Fig. 6). Another ques-
tion on the effect of GLAD deposited CIAIPc layer is the interfacial area between CIAIPc and C60. It has been
reported that the rough interface can significantly increase the interfacial area between donor and acceptor, and
therefore, improve the efficiency’®!!. We conduct additional experiments to clarify the role of rough interface
between ClAIPc (GLAD) and C60. First, we prepare some pure PHJ devices by replacing CIAIPc:C60 BHJ with
ClAIPc(GLAD)/C60 PH]J. The efficiency of all these devices is less than that of the standard device A, which
confirms the necessity of CIAIPc:C60 BHJ in generation of photocurrent. Second, we reduce the thickness of
ClAIPc:C60 BHJ layer (< 25nm) and increase the thickness of CIAIPc(GLAD)/C60 PHJ simultaneously. A typ-
ical device with the structure of CIAIP¢c/CIAIPc:C60 (25 nm)/ClAIPc (GLAD, 30nm)/C60 (20 nm)/BCP/Al is
denoted as device C. J-V curve and parameters of device C are drawn in Fig. 2 and listed in Table 1, respectively.
Comparing to the modified device B, similar V,. and FF but smaller J. result in a lower efficiency in device C.
Further decreasing the thickness of CIAIPc:C60 BH]J layer and enlarging the thickness of CIAIPc(GLAD)/C60
PHJ cause even worse efficiencies. This result confirms that the CIAIPc:C60 BHJ plays a more important role on
device efficiency than CIAIPc(GLAD)/C60 PHJ. Based on above experiments, we believe that the best type II
device should approach the balance between a thick CIAIPc:C60 BHJ to generate charge carriers as much as pos-
sible under illumination and a thin CIAIPc(GLAD)/C60 PHJ to extract electrons as powerful as possible.

It is acknowledged that the tradeoft between the charge carrier generation power and the achievable open cir-
cuit voltage is an intrinsic limitation to further increasing the efficiency of BHJ organic solar cell'®. Some studies
have revealed a small driving force in BH]J by carefully selecting donor/acceptor organic molecules****. Our work
provides a more general method to break this tradeoff by an additional PHJ. In most polymer BHJ devices, a cath-
ode buffer layer is employed before deposition of cathode metal. Novel cathode buffer layer based on some mate-
rials, e.g., alcohol/water-soluble polymer or combination of an alcohol-soluble material layer and a BCP layer,
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Figure 7. Schematic demonstration of energy level diagram. (a) Type I devices. (b) Thin part of GLAD ClAlPc
layer in type II devices. The barrier effect of thin part of GLAD ClAIPc layer is negligible for electrons. (c) Thick
part of GLAD ClAlPc layer in type II devices. Band bending occurs in this part.

show some benefits on polymer BHJ device performance®>*. Here, we suggest a new mechanism to improve the
efficiency of polymer BHJ device by using a particularly deposited small molecule PHJ instead of the cathode
buffer layer. Furthermore, the polymer BHJ can be prepared to absorb more light but not bear a strict transport
limit, because the electron extraction from BH]J can be improved by the additional small molecule PHJ. The
restriction window of the single BHJ layer in previous experiments can also be relaxed because charge extraction
does not solely depends on the D/A ratio and thickness of BHJ, which in turn influences its optical absorption.

SCIENTIFICREPORTS|  (2020) 10:5766 | https://doi.org/10.1038/s41598-020-62769-3


https://doi.org/10.1038/s41598-020-62769-3

www.nature.com/scientificreports/

Received: 18 January 2020; Accepted: 16 March 2020;
Published online: 01 April 2020

References

1.
2.

3.

wu

11.

12.
13.

14.

15.
16.

17.
18.

19.

20.
. Xing, Y., Li, S., Wang, G., Zhao, T. & Zhang, G. Field emission analysis of band bending in donor/acceptor heterojunction. Journal

22.
23.
24.
25.
26.
27.
28.

29.
. Zhang, C., Zhang, J., Hao, Y., Lin, Z. & Zhu, C. A simple and efficient solar cell parameter extraction method from a single current-

31.
32.
33.
. Liu, J. et al. Fast charge separation in a non-fullerene organic solar cell with a small driving force. Nat Energy. 1, 16089 (2016).

35.

36.

Fung, D. D. S. & Choy, W. C. H. Organic Solar Cells: Materials and Device Physics (ed. Choy, W. C. H.) 1-16 (Springer-Verlag, 2013).
de la Torre, G., Bottari, G. & Torres, T. Phthalocyanines and Subphthalocyanines: Perfect Partners for Fullerenes and Carbon
Nanotubes in Molecular Photovoltaics. Adv. Energy Mater. 7, 1601700 (2017).

Mishra, A. & Buerle, P. Small Molecule Organic Semiconductors on the Move: Promises for Future Solar Energy Technology. Angew.
Chem. Int. Ed. 51, 2020-2067 (2012).

. Ortmann, E et al. Materials Meets Concepts in Molecule-based Electronics. Adv. Funct. Mater. 25, 1933-1954 (2015).
. Ilmi, R., Haque, A. & Khan, M. S. High efficiency small molecule-based donor materials for organic solar cells. Organic Electronics.

58, 53-62 (2018).

. Zhugayevych, A. & Tretiak, S. Theoretical Description of Structural and Electronic Properties of Organic Photovoltaic Materials.

Annu. Rev. Phys. Chem. 66, 305-330 (2015).

. Kumar, P. Organic Solar Cells: Device Physics, Processing, Degradation, and Prevention 73-136 (Taylor & Francis, 2017).
. Nakano, K. & Tajima, K. Organic Planar Heterojunctions: From Models for Interfaces in Bulk Heterojunctions to High-Performance

Solar Cells. Adv. Mater. 29, 1603269 (2017).

. Tang, C. W. Two-layer organic photovoltaic cell. Applied Physics Letters. 48, 183-185 (1986).
. Zheng, Y., Bekele, R., Ouyang, J. & Xue, J. Organic photovoltaic cells with vertically aligned crystalline molecular nanorods. Organic

Electronics. 10, 1621-1625 (2009).

Zhou, Y. et al. Glancing Angle Deposition of Copper Iodide Nanocrystals for Efficient Organic Photovoltaics. Nano Lett. 12,
4146-4152 (2012).

Qi, B. & Wang, J. Open-circuit voltage in organic solar cells. J. Mater. Chem. 22, 24315-24325 (2012).

Abdulrazzag, O. A., Saini, V., Bourdo, S., Dervishi, E. & Biris, A. S. Organic Solar Cells: A Review of Materials, Limitations, and
Possibilities for Improvement. Particulate Science and Technology: An International Journal. 31, 427-442 (2013).

Cao, W. & Xue, J. Recent progress in organic photovoltaics: device architecture and optical design. Energy Environ. Sci. 7, 2123-2144
(2014).

Qi, B. & Wang, J. Fill factor in organic solar cells. Phys. Chem. Chem. Phys. 15, 8972-8982 (2013).

Ramirez, I, Causa, M., Zhong, Y., Banerji, N. & Riede, M. Key Tradeoffs Limiting the Performance of Organic Photovoltaics. Adv.
Energy Mater. 8, 1703551 (2018).

Linderl, T. et al. Energy Losses in Small-Molecule Organic Photovoltaics. Adv. Energy Mater. 7, 1700237 (2017).

Bailey-Salzman, R. E, Rand, B. P. & Forrest, S. R. Near-infrared sensitive small molecule organic photovoltaic cells based on
chloroaluminum phthalocyanine. Appl. Phys. Lett. 91, 013508 (2007).

Zhao, T., Zhang, G. & Xing, Y. Improved performance of small molecule solar cell by using oblique deposition technique and zinc
phthalocyanine cathode buffer layer. RSC Adv. 8, 10999 (2018).

Hong, Y. et al. Synthesis of indium nanostructure-laces by multi-step Glancing Angle Deposition. Physica E. 60, 70-74 (2014).

of Applied Physics. 119, 245503 (2016).

Verreet, B., Miiller, R, Rand, B. P, Vasseur, K. & Heremans, P. Structural templating of chloro-aluminum phthalocyanine layers for
planar and bulk heterojunction organic solar cells. Organic Electronics. 12,2131-2139 (2011).

Li, N. et al. Open circuit voltage enhancement due to reduced dark current in small molecule photovoltaic cells. Appl. Phys. Lett. 94,
023307 (2009).

Beljonne, D. et al. Electronic Processes at Organic-Organic Interfaces: Insight from Modeling and Implications for Opto-electronics
Devices. Chem. Mater. 23, 591-609 (2011).

Ishii, H., Sugiyama, K., Ito, E. & Seki, K. Energy Level Alignment and Interfacial Electronic Structures at Organic/Metal and
Organic/Organic Interfaces. Adv. Mater. 11, 6051-625 (1999).

Braun, S., Salaneck, W. R. & Fahlman, M. Energy-Level Alignment at Organic/Metal and Organic/Organic Interfaces. Adv. Mater.
21, 1450-1472 (2009).

Heidel, T. D. et al. Reducing recombination losses in planar organic photovoltaic cells using multiple step charge separation. Journal
of Applied Physics. 109, 104502 (2011).

Lin, H. et al. An effective bilayer cathode buffer for highly efficient small molecule organic solar cells. Organic Electronics. 13,
1925-1929 (2012).

Sze, S. M. & Ng, K. K. Physics of semiconductor devices (3rd Edition). (Wiley-Interscience, 2006).

voltage curve. Journal of Applied Physics. 110, 064504 (2011).

Yoo, S., Domercq, B. & Kippelen, B. Intensity-dependent equivalent circuit parameters of organic solar cells based on pentacene and
C-60. J. APPL. PHYS. 97, 103706 (2005).

Shah, J. M., Li, Y.-L., Gessmann, T. & Schubert, E. F. Experimental analysis and theoretical model for anomalously high ideality
factors (n» 2.0) in AlIGaN/GaN p-n junction diodes. J. APPL. PHYS. 94, 2627 (2003).

Nakano, K. et al. Anatomy of the energetic driving force for charge generation in organic solar cells. Nat Commun. 10, 2520 (2019).

He, Z. et al. Simultaneous Enhancement of Open-Circuit Voltage, Short-Circuit Current Density, and Fill Factor in Polymer Solar
Cells. Adv. Mater. 23, 4636-4643 (2011).

Huai, Z. et al. High-Efficiency and Stable Organic Solar Cells Enabled by Dual Cathode Buffer Layers. ACS Appl. Mater. Interfaces.
10, 5682-5692 (2018).

Acknowledgements
This research was supported by National Natural Science Foundation of China (Grant No. 61774007) and
National Key Research and Development Program of China (No. 2016YFA0300802).

Author contributions
Q.J.and Y. X. conceived the idea, performed the experiments, analyzed the data, and wrote the manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:5766 | https://doi.org/10.1038/s41598-020-62769-3


https://doi.org/10.1038/s41598-020-62769-3

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62769-3.

Correspondence and requests for materials should be addressed to Y.X.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:5766 | https://doi.org/10.1038/s41598-020-62769-3


https://doi.org/10.1038/s41598-020-62769-3
https://doi.org/10.1038/s41598-020-62769-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improved performance of small molecule organic solar cells by incorporation of a glancing angle deposited donor layer

	Methods

	Device fabrication and measurement. 
	Field emission measurement. 

	Results and discussion

	Acknowledgements

	Figure 1 Schematic illustration of two kinds of deposition style.
	Figure 2 Current density-voltage (J-V) curves of standard device A modified device B and device C in the dark and under light illumination.
	Figure 3 Schematic demonstration of the shape change of J-V curve considering the effects of ClAlPc/C60 PHJ.
	Figure 4 Vacuum level (VL) shift in ClAlPc/C60 heterojunction measured by field emission.
	Figure 5 AFM image of surface morphology of ClAlPc thin film deposited in glancing angle on ITO glass.
	Figure 6 Optical absorption spectrum of ITO/ClAlPc/ClAlPc:C60/C60 and ITO/ClAlPc/ClAlPc:C60/ClAlPc(GLAD)/C60 sample.
	Figure 7 Schematic demonstration of energy level diagram.
	Table 1 Photovoltaic performance and extracted parameters of devices.




