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ABSTRACT: Solar cell substrates require high optical transparency but also prefer high optical haze to increase the light scattering and consequently the absorption in the active materials. Unfortunately, there is a trade-oﬀ between these optical properties, which is exempliﬁed by common transparent paper substrates exhibiting a transparency of about 90% yet a low optical haze (


S



optical haze among transparent substrates due to its nanoporous structure, yet it is still a relatively low value.16 Although optical haze is a property preferably maximized in transparent substrates integrated into solar devices, other optoelectronic devices require diﬀerent levels of light scattering; for example, displays and touch screens need high clarity and low optical haze.20,21 Current commercial substrates are best suited for displays but are not optimized for solar cell devices because of the low optical haze. Various materials such as SiO2 nanoparticles or silver nanowires are reported to eﬀectively increase light absorption and consequentially the short-circuit current by enhancing the path of light through the active solar layer with increased diﬀuse light scattering.22−24 The light scattering induced by these nanostructures is limited, however, and incorporating these materials requires additional steps that add cost to the solar cells devices. In this study, we report a novel transparent paper based on wood ﬁbers, which has an ultrahigh optical transparency (∼96%) and simultaneously an ultrahigh optical haze (∼60%).



ubstrates play a key role as the foundation for optoelectronic devices. The mechanical strength, optical transparency, and maximum processing temperature are among the critical properties of these substrates that determine its eligibility for various applications. The optoelectronic device industry predominantly utilizes glass substrates and plastic substrates for ﬂexible electronics; however, recent reports demonstrate transparent nanopaper based on renewable cellulose nanoﬁbers that may replace plastic substrates in many electronic and optoelectronic devices.1−11 Nanopaper is entirely more environmentally friendly than plastic substrates due to its composition of natural materials; meanwhile it introduces new functionalities due to NFCs’ ﬁbrous structure.12−14 The maximum transparency among all current reports on glass, plastic, and nanopaper substrates is about 90% but with a very low optical haze (
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Figure 1. (a) Hierarchical structure of a tree. A schematic of cellulose and paper before and after TEMPO-mediated oxidation. (b) Top left, regular paper; left bottom, molecular structure of cellulose. (c) Top right, transparent paper made of TEMPO-oxidized wood ﬁbers; right bottom, TEMPOoxidized cellulose with carboxyl groups in the C6 position. 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 f1
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The primary wood ﬁbers are processed by using a TEMPO/ NaBr/NaClO oxidation system to introduce carboxyl groups into the cellulose. This process weakens the hydrogen bonds between the cellulose ﬁbrils and causes the wood ﬁbers to swell up and collapse resulting in a high packing density and excellent optical properties. Our transparent paper has the following advantages over previously reported transparent nanopaper from wood-based nanoﬁbrillated cellulose (NFC): (1) it exhibits a dramatic dual improvement on the optical transmittance and optical haze, and (2) it is formed from much less energy intensive processes that enable low cost paper devices. The novel optical properties allow a simple light-management strategy for improving solar cell performances. We demonstrated this with an organic solar cell by simply laminating a piece of such transparent paper and observed its power conversion eﬃciency (PCE) increased from 5.34 to 5.88%. Results and Discussion. A schematic of the hierarchical structure of a tree in which we gradually break down each macroscopic structure until we reach the elementary cellulose ﬁbrils is detailed in Figure 1a. Wood ﬁbers extracted from trees by chemical processes and mechanical treatments are the main building blocks of paper and consist of millions of microﬁbrils (nanoﬁbers) with a diameter ranging from 5 to 20 nm mainly distributing in the S2 layer of cell wall. Regular paper with



microsized wood ﬁbers has limited optical transparency due to the many microcavities existing within the porous structure that cause light scattering (top left in Figure 1b). Eliminating these pores is the primary direction to improve the optical transmittance of paper. Many approaches based on the above mechanism are used to produce transparent paper involving ﬁber-based and sheet processing techniques.26 Fiber-based methods use overbeaten wood pulp, while sheet processing requires coating, impregnating, supercalendering, or chemical immersion to make transparent paper.26−31 These methods either consume large amounts of energy or rely on petroleumbased materials to produce paper with relatively low transmittance. Since Herrick and Turbak successfully separated nanoﬁbers from wood pulp using a mechanical process in a high-pressure homogenizer in 1983,32−34 cellulose nanoﬁbers have attracted great attention because they can be used to manufacture transparent paper for printed electronics, optoelectronic devices, and also for packaging.2,4,6,10,35−37 Some methods are used to liberate nanoﬁbers, such as mechanical treatments and acid hydrolysis.38−43 Mechanical treatments are currently considered eﬃcient ways to isolate nanoﬁbers from the cell wall of a wood ﬁber; however, solely mechanical processes consume large amounts of energy and insuﬃciently liberate the nanoﬁbers while damaging its structures in the B
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process.44 Pretreatments, therefore, are conducted before mechanical disintegration in order to eﬀectively separate the ﬁbers and minimize the damage to the nanoﬁber structures.40,45−47 TEMPO-mediated oxidation is proven to be an eﬃcient way to weaken the interﬁbrillar hydrogen bonds that facilitate the disintegration of wood ﬁbers into individualized nanoﬁbers yet maintain a high yield of solid material.25,44,48 Nanopaper made of nanoﬁbers can attain a transmittance of over 80%,15 yet this type of transparent paper takes a longer time to fabricate (ﬁlm forming and drying) and has a relatively low haze.16,49 For eﬃcient and low-cost production of transparent paper with high transmission haze, in this study the TEMPO/NaBr/ NaClO system was used to modify the surface properties of the pristine wood ﬁbers by selectively oxidizing the C6 hydroxyl groups of glucose (left bottom in Figure 1b) into carboxyl groups under aqueous conditions (right bottom in Figure 1c). The repulsive force resulting from additional higher negative charges at the surface of the nanoﬁbers loosens the interﬁbrillar hydrogen bonds between the cellulose nanoﬁbers resulting in the ﬁber cell walls are signiﬁcantly open and crush. Regular paper is a porous structure composed of untreated wood ﬁbers with an average width of ∼27 μm (top left in Figure 1b); however, paper made from TEMPO-oxidized wood ﬁbers with an average width of approximately 26 μm displays a more densely packed conﬁguration (top left Figure 1c). The morphology of wood ﬁbers plays a signiﬁcant role in producing highly transparent paper, hence ﬁber morphological analysis of TEMPO-treated wood ﬁbers was conducted for explaining the high packing density of transparent paper made from TEMPO-oxidized microsized wood ﬁbers. After the TEMPO treatment was conducted for 8 h at a stirring speed of 700 rpm, signiﬁcant morphological changes in the dimensions of the wood ﬁbers before and after TEMPO treatment are observed in Figure 2a,b. Compared to the original ﬁbers, the TEMPO-oxidized ﬁbers swell such that the width of the ﬁbers expanded while the length decreased. Most ﬁbers are cleaved and unzipped in the axial direction (see Figure 2c, Supporting Information Figure S2), and the degree of polymerization of the cellulose decreases.25 Figure 2d and Supporting Information Figure S2d show the conﬁguration of cellulose nanoﬁbers on the cell wall of wood ﬁbers revealing portion of cellulose nanoﬁber were removed from the primary layer of cell wall during the TEMPO treatment due to weak interﬁbrillar hydrogen bonds. As we can see from the Table 1, the average length of the wood ﬁbers dramatically decreased from 1.98 to 0.71 mm after the TEMPO treatment, and there was a slight reduction in the average width and an enormous increase in ﬁnes (ﬁber length less than 200 μm) from 5.90 to 18.68%. In addition, TEMPO-oxidized wood pulp with a concentration of 0.25% (by weight) shows a more homogeneous and transparent appearance than the original wood pulp with the same consistency (see insets in Figure 2a,b). The increased ﬁnes, reduced ﬁber length, and the crushed and unzipped TEMPOoxidized ﬁbers tend to form denser ﬁber network during fabrication that perpetuates high optical transmittance. In this discussion, the “transparent paper” refers to paper produced from the TEMPO-oxidized wood ﬁbers and it exhibits an excellent transmittance (see Figure2e). In this work, a highly transparent paper with high haze was fabricated with obtained TEMPO-oxidized microsized wood ﬁbers by vacuum ﬁltration showing a considerable reduction of ﬁltration time and energy. The ﬁltration time for transparent



Figure 2. (a) The morphology of original bleached sulfate wood ﬁbers under an optical microscope. Inset is a 0.25 wt % original bleached sulfate wood pulp suspension. (b) The morphology of TEMPOoxidized wood ﬁbers under an optical microscope. Inset is a 0.25 wt % TEMPO-oxidized wood ﬁber suspension. SEM images of unzipped TEMPO-oxidized wood ﬁbers (c) and nanoﬁbers on the cell wall of TEMPO-oxidized wood ﬁber (d). (e) A digital image of transparent paper produced from TEMPO-oxidized wood ﬁbers with a diameter of 20 cm. Transparent paper is made of mesoscale ﬁbers. The primary ﬁbers have an average diameter of ∼26 μm.



Table 1. Dimension of Wood Fibers before and after TEMPO Oxidation



pristine ﬁbers TEMPO-oxidized ﬁbers



average length (mm)



average width (μm)



ﬁne content (%)



1.98 0.71



27.25 25.79



5.90 18.68



paper with a thickness of 50 μm is generally less than 1 h, however it will take at least 8 h to ﬁlter a piece of nanopaper with a similar thickness using 5−30 nm wide TEMPO-oxidized nanoﬁbers under the same conditions. The total light transmittance of transparent paper, nanopaper, and polyethylene terephthalate (PET) is compared in Figure 3a and the basic information of the two types of paper is shown in Supporting Information Table S1. According to this data, transparent paper has the highest optical transmittance compared to nanopaper and PET. Transmission haze is an important optical property for optoelectronic devices and refers to the percentage of light diﬀusely scattered through a transparent surface from the total light transmitted. For the transparent paper in this work, a transmission haze over 50% is demonstrated while maintaining a transmittance of over 90%. Higher transmission haze C



dx.doi.org/10.1021/nl404101p | Nano Lett. XXXX, XXX, XXX−XXX



179 180 181 182 183 184 f3 185 186 187 188 189 190 191 192 193 194



Nano Letters



Letter



Figure 3. Optical properties of our transparent paper, nanopaper, and PET. (a) The total optical transmittance versus wavelength measured with an integrating sphere setup. (b) The transmission haze versus wavelength. (c) The transmission haze of transparent paper with varying thicknesses at 550 nm. (d) Optical transmission haze versus transmittance for diﬀerent substrates at 550 nm. Glass and PET plastics are in the green area, which are suitable for displays due to their low haze and high transparency; transparent paper developed in this work located in the cyan area is the most suitable for solar cells. 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 f4
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improves the light absorption eﬃciency of solar cells from the increased path of light transmitted into the active layer, resulting in an enhanced short circuit current density. The wavelength versus transmission haze is plotted in Figure 3b. Additionally, the transmission haze and the optical transmittance of transparent paper are also determined by the paper thickness. As we can see from Figure 3c, the transmission haze tends to increase with an increase in paper thickness while the optical transmittance increases slightly with a decrease in paper thickness (Supporting Information Figure S3 and Table S2). It is critical to combine the optical haze and transmittance for substrates toward diﬀerent applications. The performance of optical transmittance versus wavelength of substrates has been widely investigated but the optical haze is largely ignored as most substrates have a much lower optical haze (


conformal surface is observed due to the collapse of the TEMPO-oxidized wood ﬁbers and there is a signiﬁcant amount of small fragments in the pulp that ﬁll in the voids within the paper (see the insert in Figure 4b). This causes less light scattering to occur within the TEMPO-treated paper allowing more light to pass through it. A possible explanation for the transparent paper demonstrating a higher optical transmittance than nanopaper could be that the cell wall of the wood ﬁbers are comprised of a primary and secondary layer with thicknesses of approximately 0.1−0.2 and 1−5.5 μm, respectively.51 The microﬁbrils are randomly oriented in the primary layer whereas the microﬁbrils in the secondary layer are helically wound around the ﬁber axis (see Figure 1a). Although oxidation eﬀectively weakens the interﬁbrillar hydrogen bonds between the microﬁbrils and shortens ﬁber length, it only happens within the noncrystalline region and/or on the crystal surfaces of the microﬁbrils.44 As a result, the parallel arrangement of microﬁbrils in the secondary layer is preserved within the cell wall of the wood ﬁbers, giving rise to a higher stacking density (1.14 g/cm3) compared to nanopaper (1.03 g/cm3) made of randomly arranged microﬁbrils. Transparent paper made of microsized ﬁbers, therefore, has better optical transmittance yet consumes much less energy and time for fabrication. Additionally, the mechanical properties of paper (e.g., toughness, strength) are important for various applications. To this end, we conducted tensile tests of the transparent paper with TEMPO-oxidized wood ﬁbers and regular paper using the Tinius Olsen H25KT universal testing machine. The comparison between their stress−strain curves (Figure 4c) clearly shows that the transparent paper is both much stronger (with a tensile strength of ∼105 MPa) and much tougher (with a toughness of ∼1.88 J/M3) than the regular paper (with a tensile strength of ∼8 MPa and a toughness of ∼0.15 J/M3). In D
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Figure 4. Top-view SEM images of (a) regular paper and (b) transparent paper. The insert in top right corner is a magniﬁed SEM image of transparent paper where the scale bar is 100 μm. (c) The tensile strength of transparent paper demonstrated in this work and regular paper. MD simulation model of intersliding of (d) two original wood ﬁbers and (e) two TEMPO-oxidized wood ﬁbers. Videos of these two simulations are available in Supporting Information. (f) Variation of potential energy of the model systems as a function of relative sliding displacement for both cases. 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289



view of the inﬂuence of paper’s density on mechanical properties, the speciﬁc strength verses strain curves of regular paper and transparent paper are also plotted in Supporting Information Figure S4a. Such substantial improvements of the mechanical properties (∼13-fold stronger and ∼12-fold tougher) ﬁnd their origin in the enhanced contact area in between nanoscale building blocks of the paper due to TEMPO-treatment, whose eﬀect is 2-fold: unzipping and cleaving the originally hollow cellulose ﬁbers not only exposes their inner surface to neighboring ﬁbers but also leads to ribbon-like cellulose ﬂakes and fragments that facilitate higher packing density and more overlapping between neighboring ﬁbers. The rich hydroxyl groups of the cellulose surface allow facile formation of strong hydrogen bonds. The intercelluloseﬂake bonding in TEMPO-oxidized transparent paper is expected to be consequently much stronger than the intercellulose-ﬁber bonding in regular paper, the physical origin of the substantial improvements in both strength and toughness. To shed quantitative insight on the above mechanism, we performed molecular dynamics (MD) simulations of scaleddown models for both TEMPO-oxidized ﬁbers and original wood ﬁbers with roughly comparable size (Figure 4d,e and Supporting Information Figure S4b,c). Note that the simulation is based on simpliﬁed ﬁber with uniform dimension but ﬁber morphology, ﬁnes content, kink index, and pigments within paper are some properties that may impact the mechanical



strength of paper. We simulated the interﬂake (and interﬁber) sliding, the representative molecular-scale deformation mechanism that leads to the ﬁnal mechanical failure of the paper (detailed mechanical modeling information and simulation videos are found in the Supporting Information). Figure 4f compares the variation of potential energy as a function of sliding displacement for both cases. The zigzag nature of the curve denotes the cascade stick−slip events due to breaking and reforming of hydrogen bonds in between two cellulose ﬂakes (or ﬁbers) under sliding displacement. The accumulated energy dissipation, calculated by the sum of all local energy barriers, represents the energy to fracture the neighboring ﬂakes/ﬁbers (i.e., toughness). Comparison in Figure 4f reveals that the energy needed to separate two ﬂat cellulose ﬂakes is more than 14 times higher than that in the case of two cellulose ﬁbers (∼536 kcal/mol vs ∼38 kcal/mol), which clearly explains the huge increase in fracture toughness due to TEMPO treatment. The resultant force variation as a function of sliding displacement for both cases is showed in Supporting Information Figure S4d. The average pulling force necessary to slide the TEMPO-oxidized cellulose ﬂakes (∼−284 kcal/ mol/Å) is much larger than that in the original cellulose ﬁber case (−66 kcal/mol/Å). Considering the eﬀective reduction of the cross-sectional area from the hollow cellulose ﬁbers to TEMPO-treated ﬂat ﬂakes, the mechanical strength of TEMPO-oxidized cellulose paper (largest force that can sustain divided per unit cross-section area) is expected to be even E
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Figure 5. (a) Schematics and images of cellulose-deposited silicon slab. Top left: a schematic structure of wood ﬁbers deposited on a silicon slab by Meyer rod coating. Top right: a schematic of a transparent paper attached silicon slab by lamination. Bottom left: TEMPO-oxidized wood ﬁbers deposited on a silicon slab. Bottom right: transparent paper with a thickness of 33 μm attached on a silicon slab. (b) The eﬀective refractive index proﬁles of the interfaces between air and silicon slab. (c) The eﬀective refractive index proﬁles of 33 μm cellulose deposited on a silicon slab. (d) A schematic diagram of transparent paper and its light scattering behavior. (e) Scattering angular distribution with an arbitrary y-axis unit for transparent paper, the maximum scattering angle is 34°. (f) Photo to show the light scattering eﬀect of transparent paper when a laser with a diameter of 0.4 cm passes though transparent paper. (g) The light absorption of transparent paper laminated on a silicon slab.



Figure 6. Enhanced light harvesting in the OPV device by the transparent paper. (a) Structure of the OPV device with transparent paper attached on the opposite glass side. (b) Dependence of the photocurrent of the OPV device with or without transparent paper on the light incident angle (deﬁned as the angle between the incident light and the normal direction of the substrate), W and W/O represent OPV device with and without transparent paper, respectively. (c) Angular distribution of the light caused by the haze eﬀect of the transparent paper, where the light was incident at diﬀerent angle. (d) Comparison of the I−V curves of the OPV device illuminated by diﬀused light (13 mW/cm2). 317 318 319 320 321 322 323 324 325



higher than that of regular paper, as revealed by the tensile test results (Figure 4c). Paper with ultrahigh transmittance and high transmission haze has potential applications in optoelectronic devices. The light scattering eﬀect of transparent paper can improve the path of light traveling through the active layers of thin ﬁlm solar cells resulting in an enhanced light absorption. To verify the assumption, TEMPO-oxidized wood ﬁbers directly coated onto the surface of a silicon slab and transparent paper laminated



onto the surface of silicon using NFC as a binder to analyze any resulting enhancement of light absorption in the silicon. Schematics and images of the cellulose-deposited silicon are shown in Figure 5a, where the left plots refer to the TEMPOoxidized wood ﬁber deposited silicon, and the right diagrams represent transparent paper-laminated silicon. There are three possible mechanisms to achieve increased light absorption in the active layer: (1) the index of transparent paper is between the values for the Si substrate and air, which can eﬀectively F
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decrease the index contrast and lower the reﬂection for light entering from air to Si (compare Figure 5b and 5c); (2) a large light forward scattering eﬀect of transparent paper, which can increase the path length of light in the Si layer (as shown in Figure 5d); (3) a ultrahigh optical transparency up to 96% of our transparent paper. These eﬀects make transparent paper fundamentally better than plastic substrates for thin ﬁlm solar cells. As shown in the schematic Figure 5d, the direct incident light is scattered as it propagates through the transparent paper, generating a high transmission haze. To quantitatively explain the light scattering eﬀect of transparent paper, an optical setup consisting of a rotating light detector was applied to measure the angular distribution of transmitted light. Light passing through transparent paper exhibits high diﬀuse scattering with an expected inverse Gaussian-like pattern (Figure 5e). Here, we deﬁne the angle that the incident light is perpendicular to the surface of transparent paper as 90° and the scattering angle range is deﬁned as the transmitted light at angles with an intensity larger than 5% of the peak transmission intensity at 90°. Our transparent paper delivers a maximum scattering angle of 34°. Moreover, the distribution of light transmitted through the transparent paper demonstrated in this work is quite diﬀerent from nanopaper (as shown in Supporting Information Figure S5) since the transmitted light has a much narrower angular distribution. The light scattering eﬀect is also visualized in Figure 5f (the distance between the transparent paper and target is about 30 cm). A laser with a wavelength of 532 nm and a beam diameter of 0.4 cm passes through transparent paper and forms a larger illuminated circular area on the surface of the target with a diameter of over 18.5 cm. The same experiment was also applied to glass and PET to illustrate the light scattering eﬀect, and the results are presented in Supporting Information Figure S6. Because the transmission haze of PET and glass is lower than 1%, the transmitted light is scattered only slightly as visualized by a smaller illuminated area on the target behind the transparent paper. Figure 5g illustrates the light absorption of transparent paper laminated on a silicon slab. The data on the light absorption of TEMPO-oxidized wood ﬁbers deposited on silicon is very similar and is shown in Supporting Information Figure S7. Compared to a bare silicon slab, there is enhanced light trapping in all the prepared samples by approximately 10−18% from 400 to 1000 nm. These results show that (1) both TEMPO-oxidized wood ﬁbers and transparent paper can enhance the broadband absorption eﬃciency of the silicon slab and (2) transparent paper or TEMPO-treated wood ﬁbers can be applied to a silicon slab with a simple coating, dipping, or lamination that depends on the speciﬁc application desired. In addition, the light harvesting of the OPV device can also be improved by simply attaching the transparent paper to the glass side of the OPV sample, as illustrated in Figure 6a. On the opposite side, OPV device with a structure of indium tin oxide (ITO)/poly(3, 4-ethylenedioxythiophene)-polystyrenesulfonic acid (PEDOT-PSS)/Poly[N-9″-hepta-decanyl-2, 7-carbazolealt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] and [6,6]phenyl-C71 butyric acid methyl ester (PCDTBT:PC70BM, 90 nm)/calcium (Ca)/aluminum (Al) has been previously fabricated,52 and the molecular structures of the photoactive materials for the OPV device is indicated in Supporting Information Figure S8. It is expected that the haze eﬀect of the transparent paper causes the incident angle-dependent photocurrent response. To verify this, the photocurrents of the



devices under illumination from diﬀerent incident angles were measured by illuminating the devices with parallel white light and rotating the devices gradually. The measured incident angle-dependent photocurrents are shown in Figure 6b. Here the incident angle is deﬁned as the angle between the incident light and the normal direction of the substrate. The photocurrent has been normalized to the values obtained from the control device (without transparent paper) with light incident to the normal direction. The photocurrent of the device with transparent paper was about 3% less than that of the control device at the normal incident direction, most likely due to the roughly 90% diﬀusive transmittance of the transparent paper.16 Interestingly, the photocurrents of the device with transparent paper exceed that of the control device at a larger incident angle above 7°. A large photocurrent improvement of over 15% were observed in an incident angle range of 60∼87°. The improved photocurrent should be correlated with the reduced reﬂection of the light at glass surface and a broadened angular distribution of the redirected incident light caused by the transparent paper, as shown in Figure 6c. Similar antireﬂection eﬀects have been observed in solar cells with microstructure arrays or a textured surface.53−55 The increased light harvesting at oblique incidence indicates that the device with transparent paper can collect the ambient light more eﬃciently. In order to further demonstrate the improved ambient light harvesting by the transparent paper, we compared the PCE of the device illuminated by diﬀused light with intensity of 13 mW/cm2, and the setup is illustrated in the inset of the Figure 6d. The PCE of the PCDTBT:PCBM device with transparent paper was increased from 5.34 to 5.88% due to the increased the photocurrent by 10% (Figure 6c). The performance improvement is attributed to better light harvesting from the diﬀused light because the I−V curves were obtained from the same OPV device upon attaching or after peeling oﬀ the transparent paper. Figure 6d indicates the molecular structure of photoactive materials used in this OPV device. The increased ambient light harvesting by the transparent paper is particularly desirable for many photovoltaic applications, such as in application that cannot use mechanical light tracking systems to compensate for shift in the incident sunlight throughout the day like solar roofs, solar windows, and solar panels working in cloudy days where the sunlight is strongly scattered by the atmosphere. In summary, this study is the ﬁrst report of a novel transparent paper substrate made of earth-abundant wood ﬁbers that simultaneously achieves an ultrahigh transmittance (∼96%) and ultrahigh optical haze (∼60%), and its optimal application on the solar cells with a PCE enhancement of 10% by a simple lamination process. The modiﬁed wood pulp with high fragment content and fewer hollow structures lead to a higher packing density, which dramatically increases both the optical transmittance and mechanical strength of our transparent paper compared to regular paper. Our transparent paper demonstrates a much higher optical transmittance than nanopaper made of nanoscale ﬁbers while using much less energy and time to process paper with a similar thickness. Such low-cost, highly transparent, and high haze paper can be utilized as an excellent ﬁlm to enhance light-trapping properties for photovoltaic applications such as solar panel, solar roof, or solar windows. Experimental Section. Bleached sulfate softwood pulp extracted from the southern yellow pine without beating or reﬁning was treated with TEMPO-oxidized system.15,48 Five G
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grams of wood ﬁbers were dispersed into 1% pulp with deionized water, TEMPO and sodium bromide (NaBr) were then separately added into the wood pulp with doses of 10 and 1.6 wt % based on oven-dry wood ﬁbers, and the mixtures were ﬁnally stirred continuously for 10 min at 700 rpm with a Turrax mixer (IKA, RW20 digital) to form a uniform suspension. Thirty-ﬁve milliliters of sodium hypochlorite (NaClO) with a concentration of 12.5 wt % was titrated into the abovementioned suspension. The reaction time was monitored and the pH of the reaction system was kept constant at 10.5. The reaction lasted approximately 3−4 h; however, the mixture was continuously stirred at 700 rpm for an additional 4 h to ensure adequate reaction of the wood ﬁbers. The dimension and morphology of the wood pulp before and after oxidation was tested using a KajaaniFS300 ﬁber analyzer and an optical spectroscope (OLYMPUS BX51). NFC (nanoﬁbrillated cellulose) with a diameter of approximately 5−30 nm used for the fabrication of nanopaper was extracted from the above-mentioned TEMPO-oxidized wood ﬁber solution using a Microﬂuidizer processor (M110 EH, Microﬂuidics Inc., U.S.A.). The treated wood pulp was pumped once through thin z-shaped chambers with channel dimension of 200 μm in the Microﬂuidizer under a process pressure of 20 000 psi. The treated wood pulp was diluted to approximately 0.2 wt % in solution with deionized water. This diluted pulp was then used to fabricate transparent paper by a ﬁltration method using a 20 cm ﬁlter membrane (0.65 μm, PVDF). The resulting wet ﬁlm was placed between two stacks of regular ﬁlter paper and dried at room temperature under pressure. The optical properties of the paper were measured using a UV−vis Spectrometer Lambda 35 containing an integrating sphere (PerkInElmer, U.S.A.). Six hundred microliters of wood ﬁber dispersion with a consistency of 1 wt % was coated onto a 1 cm2 silicon slab and dried at room temperature. To measure the optical properties of this sample, we built a custom optical setup. A xenon light source was used with a monochromator to select speciﬁc wavelengths from 400 to 1000 nm with a 10 nm step size. By comparing the amount of light entering the integrating sphere to the amount of light exiting the integrating sphere, the total absorption was measured. Two separate measurements are made: one baseline measurement with no sample in place to calibrate the system and a second measurement with the sample. By considering the diﬀerence between these two measurements, the absorptivity of the sample was calculated. For the device fabrication, a 30 nm thick PEDOT:PSS layer was fabricated on a cleaned ITO/glass substrate by spin-coating with a rotating speed of 3500 rpm. The spun PEDOT:PSS ﬁlm was then baked at 130 °C for 15 min. PCDTBT:PC70BM dissolved in 1, 2-dichlorobenzene with a blending ratio of 1:2 (by weight) was used for the spin-coating of photoactive layer. The active layer obtained by spin-coating with a rotating speed of 2400 rpm for 20 s has a thickness of approximately 90 nm. Then the Ca/Al bilayer cathode was thermally deposited in succession. When attaching the transparent paper on the glass surface for a better light coupling from the transparent paper to the glass, as well as strong adhesion, a cross-linked polymer (ethoxylated bisphenol A dimethacrylate mixed with 1 wt % 2,2-dimethoxy-2-phenylacetophenone56) was formed between the transparent paper and the glass substrate.
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(50) Zhou, Y.; Fuentes-Hernandez, C.; Khan, T. M.; Liu, J.-C.; Hsu, J.; Shim, J. W.; Dindar, A.; Youngblood, J. P.; Moon, R. J.; Kippelen, B. Sci. Rep. 2013, 3, 1536. (51) Huang, C. L.; Lindström, H.; Nakada, R.; Ralston, J. Holz RohWerkst. 2003, 61 (5), 321−335. (52) Park, S. H.; Roy, A.; Beaupré, S.; Cho, S.; Coates, N.; Moon, J. S.; Moses, D.; Leclerc, M.; Lee, K.; Heeger, A. J. Nat. Photonics 2009, 3 (5), 297−302. (53) Zhao, J.; Wang, A.; Green, M. A.; Ferrazza, F. Appl. Phys. Lett. 1998, 73, 1991. (54) Zhao, J.; Wang, A.; Campbell, P.; Green, M. A. IEEE Trans. Electron Devices 1999, 46 (7), 1495−1497. (55) Zhou, W.; Tao, M.; Chen, L.; Yang, H. J. Appl. Phys. 2007, 102 (10), 103105−103105. (56) Yu, Z.; Zhang, Q.; Li, L.; Chen, Q.; Niu, X.; Liu, J.; Pei, Q. Adv. Mater. 2011, 23 (5), 664−668.
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