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Abstract—Photovoltaic windows that can be switched between4
transparent and energy harvesting mode can be realized by using5
ultrathin solar absorbers embedded in an optical nanocavity. In the6
present work, we use a 5 nm thick amorphous germanium absorber7
integrated in a magnesium-based thin film optical cavity, which8
switches from an absorptive to a transparent state due to hydrogen9
absorption. We analyze the influence of the mirror layer thickness10
on the light absorption, photocurrent generation, and transmission11
as well as color neutrality of the device. The optical properties are12
studied by 1-D transfer-matrix method by changing Mg thickness13
between 0 and 100 nm, then compared to the experimental results of14
fabricated devices. When the thickness of Mg increases, the switch-15
able average transparency varies between 25% and 0%, while the16
power conversion efficiency rises up to 2.3%. The applicability of17
the device is tested by modeling the annual power generation in18
realistic scenarios. The influence of the cardinal orientation and19
the seasons on the switchable photovoltaic window implemented in20
a building facade with the abovementioned parameters is analyzed21
for different switching scenarios.22

Index Terms—Magnesium optical switching, smart window,23
switchable solar cell, ultrathin solar cell.24

I. INTRODUCTION25

IN MODERN buildings, huge glass facades often separate the26

interior from the exterior environment. They are supposed to27

supply thermal and visual comfort to the inner of the building.28

To improve this comfort, shading systems have to be imple-29

mented, which provide effective light and heat management30

[1]–[3]. Dynamic daylight control can be provided by smart31

windows, which attracted great interest in recent years [4]–[8].32

These windows are able to reduce the amount of energy needed33

for cooling in the building [9]. The emergence of switchable

Q1

34
solar cells added a new energy harvesting capability to these35

smart windows. While still being able to dynamically block36

sunlight from entering the interior of a building, these smart37

solar windows generate electricity at the same time. For the38

realization of a smart photovoltaic window, a technical solution39

enabling reversible switching from a transparent state to an ab-40

sorbing photovoltaic state is required. Different approaches are41
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applied to realize switchable solar cells such as thermochromic 42

perovskite layers [10], [11], liquid crystal diffuse reflectors [12], 43

photochromic dye sensitized solar cells, [13] or gasochromic 44

methods [14], [15]. Most of these devices use semitransparent 45

solar cells as a basis and add the appropriate scheme to vary the 46

light absorption dynamically. Achieving a suitable transparency 47

for window applications requires the implementation of special 48

absorber layers, which can be found in existing transparent 49

photovoltaics [16]. 50

In this work, we further study a switchable solar cell based 51

on a hydrogenated amorphous germanium (a-Ge:H) absorber 52

layer and a gasochromic switchable Mg/Ti/Pd back contact as 53

introduced previously [14], [15], [17]. The PV window utilizes 54

the change of refractive index from Mg to MgH2 due to hydrogen 55

absorption. This transition from a metallic to a dielectric layer 56

allows the device to become transparent and reduce the overall 57

absorption. Charge carriers are generated in the a-Ge:H layer 58

with a thickness of only 5 nm. Due to the low thickness of 59

the nano-absorber, its size-dependent bandgap is dominated by 60

quantum confinement [18]. The transparency in the window 61

mode of the device is achieved by the low single pass absorp- 62

tion through the thin absorber layer and the comparable high 63

transparency of MgH2. 64

We focus on the impact of the Mg thickness on photocurrent 65

generation, transparency, and color neutrality of the device. A 66

point of highest change between absorbing and transparent state 67

can be found separately for absorption as well as for transmission 68

depending on the Mg thickness. Furthermore, the applicability 69

of the device in a realistic scenario as a smart window including 70

the power output and total transmitted sun light of the device is 71

studied using a model for direct solar irradiation under clear sky 72

conditions on switchable solar windows facing different cardinal 73

directions in Oldenburg, Germany. The presented approach in 74

this work can be generalized to PV windows in other geograph- 75

ical locations taking similar considerations and methods. 76

II. EXPERIMENTAL DETAILS 77

The solar cell with n-i-p configuration consists of hydro- 78

genated amorphous/micro crystalline silicon and germanium 79

multilayers, structured as (n-a-Si:H/i-a-Si:H/i-a-Ge:H/i-µc- 80

Si:H/p-µc-Si:H) with thicknesses (7 nm/5 nm/5 nm/5 nm/7 nm). 81

We use soda lime glass substrates (size: 10 × 10 cm2) coated 82

with 1000 nm-thick ZnO:Al as front contact. The back contact 83

is based on Mg with different thicknesses to ensure the optical 84

switching. A Pd capping layer (5 nm) is added to prevent 85
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Fig. 1. (a) Layer stack in transparent and absorbing state and (b) spectral phase
change on reflection at the absorber/back contact interface. The blue curve shows
the phase shift for an a-Ge–Mg interface, while the orange curve describes the
a-Ge–MgH2 interface.

the layers from oxidation and acts as catalyst for hydrogen86

absorption [19]. Between the Mg and the Pd layer, a thin Ti87

layer (1 nm) is deposited to prevent the alloying of Mg and88

Pd [20], [21]. To improve the electrical contact between Mg89

with a low work function and p-doped μc-Si, a 5 nm thin90

layer of MoOx is used as charge selective contact [22]. The91

switching process is initiated by exposing the device to 5% H292

in N2 at atmospheric pressure and requires less than 15 min.93

The gas mixture is nonexplosive and nonflammable. The optical94

properties of Mg drastically change when exposed to H2 [23].95

It switches from a metallic to a dielectric transparent state by96

incorporating hydrogen atoms, turning into magnesium hydride97

(MgH2) [24]–[26]. Pd and Ti, which are also included in the98

layer stack only change their optical properties slightly due99

to hydrogen absorption [23]. The hydrogen desorption process100

takes place at ambient air and requires another 15 min. The layer101

stack is shown in Fig. 1(a). We model the light absorption and102

transmission of the solar cell for both states of the back contact:103

MgH2 and Mg. Thereby, we study the influence of the thickness104

of the Mg layer on the optical parameters. This is done by 1-D105

transfer-matrix method in the software package CODE/Scout by106

W. Theiss. The optical models consist of refractive index data107

generated from transmission and reflection data of single layers108

with same or comparable thickness. Optical data for MgH2 and109

TiH2 are taken from Palm et al. [23]. The modeling results are110

compared to experimental outputs of the fabricated solar cells.111

The absorber and doped layers are deposited by plasma enhanced112

chemical vapor deposition in a deposition tool from Leybold,113

Germany. Mg, Pd, MoOx, and Ti layers are deposited in one114

pump down process in an electron beam evaporation chamber115

at a pressure of 9 · 10−6 mbar. The tool is from VTD, Germany.116

The detailed deposition parameters for all layers can be found117

in the supplementary information.118

Current-voltage (I-V) curves are measured with a WA-119

COM solar simulator under AM1.5 standard conditions with120

1000 W/m² irradiation. For each Mg thickness 16 cells are121

produced with an area of 1 × 1 cm² each. From these 16 cells122

the I-V-diode characteristics are extracted by fitting a single123

diode model with the python package pvlib (v 0.8.1) to each124

measurement curve [27]. Average values together with standard125

deviation were extracted for short circuit current and series resis-126

tance. We also show the I-V curves of the best performing cell of127

each configuration. Optical data for reflection and transmission128

was measured with a Cary 5000 UV-Vis spectrophotometer from 129

Agilent. We used a white integrating sphere to measure the com- 130

plete hemispherical transmission and reflection. The modeled 131

transmission spectra of the device with MgH2 back contact is 132

converted into CIE color space with the python package color 133

(v.0.3.16) to analyze the color appearance [28]. 134

The model to calculate the direct solar irradiation on to the 135

switchable window is implemented in Python 3.85. It uses the 136

azimuth and altitude data of the sun for the year 2017 generated 137

with the python package pysolar (v 0.6) [29]. Starting with 138

sunrise, the position of the sun is evaluated in 500 equally spaced 139

steps of time between sunrise and sunset for each single day. The 140

clear-sky irradiation from the sun on a perpendicular area of 141

1 m² is given by the software package. The angle α between sun 142

and solar window is calculated by converting the sun’s position 143

to Cartesian coordinates with the center of the solar window 144

as coordinate origin and using of following equation with the 145

standard scalar product: 146

cos(α) =

⇀

vSun · ⇀

uwindow∣
∣
∣
⇀

vSun

∣
∣
∣
∣
∣
∣
⇀

uwindow

∣
∣
∣
.

Here,
⇀

vSun indicates the position of the sun and
⇀

uwindow 147

describes the surface normal of the solar cell. This term is 148

multiplied with the direct normal irradiation to get the irradi- 149

ation received by a vertical mounted solar window [30]. The 150

multiplication with the solar cell efficiency results in the power 151

generated from the solar cell. It does not include reduction of 152

efficiency for large angles or low irradiation [31]. The location of 153

the solar window for the current model is Oldenburg in Germany 154

at 53.15° N and 8.17° E. 155

III. RESULTS AND DISCUSSION 156

The main aspects to be considered for semitransparent and 157

switchable photovoltaics are the light transmission and pho- 158

toconversion efficiency in different switching scenarios [32]. 159

We focus on the influence of the Mg back contact on these 160

parameters, as well as the application case of switchable win- 161

dows in a building facade. First, we show the results from 1-D 162

transfer matrix simulations followed by measurements of real 163

devices. The simulated and measured parameters are then used 164

to model the annual power conversion and the transmitted light 165

of a switchable photovoltaic window for a pre-defined switching 166

scenario. 167

The switchable absorption is established using a simplified 168

multilayers configuration as shown in Fig. 1(a). The optical 169

nanocavity consists of an absorbing medium with high extinction 170

coefficient (n-i-p stack) and deeply subwavelength dimension 171

[33]–[35] positioned between a front transparent conductive 172

electrode (ZnO:Al) and a metallic reflective back contact (Mg). 173

The absorption enhancement is established by a compensation 174

of the phase shifts due to reflection of light at the front (ϕ12) and 175

back (ϕ23) with the propagation phase shift [17], [33]–[35]. The 176

phase-shift due to reflection at a single interface between two 177

media can be calculated from the Fresnel reflection coefficient 178
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Fig. 2. (a) Simulation of switchable solar cell: Local absorption in the intrinsic
Si and Ge layers and (b) total absorption of the complete device for different
Mg thicknesses. The label “0 nm Mg” represents a cell stack without Mg layer,
but with 1 nm Ti and 5 nm Pd.

rij by its complex representation with the amplitude r0:179

rij = r0 · ei φij .

The phase shiftϕ23 between n-i-p stack and Mg back mirror is180

drastically changed, when Mg turns into MgH2, as can be seen in181

Fig. 1(b) for an interface between a-Ge:H and bulk Mg/MgH2.182

The phase-shift of the electromagnetic wave due to reflection183

between n-i-p stack and MgH2 is almost constantly equal to ϕ23184

= π/2. It only increases for wavelengths below 500 nm. The185

metallic Mg back contact leads to a different phase-shift. In the186

considered spectral range, ϕ23 gradually decreases from ϕ23 =187

+ π/4 to ϕ23 = −π/4. This leads to a drastic change of the188

resonance inside the cavity. With metallic Mg as back contact,189

the enhanced absorption inside the layer stack is achieved. The190

absorption enhancement is switched “OFF,” when the resonance191

conditions inside the cavity are disturbed. This is done when Mg192

is transformed into MgH2. The following results will show the193

consequences of this difference of the phase shift between Mg194

and MgH2.195

In Fig. 2(b) the simulated combined absorption inside the in-196

trinsic layers is plotted for four different thicknesses of metallic197

Mg as Alocal = Ai-a-Ge:H+Ai-a-Si:H+Ai-µc-Si:H. All cell stacks198

have 1 nm Ti and 5 nm Pd as topmost layers. The lines present199

solar cell stacks without Mg (only Ti and Pd rear contact) as200

well as 10, 25, and 50 nm Mg .The local absorption increases201

from no Mg (0 nm) to 10 and 25 nm. The difference becomes202

smaller between 25 and 50 nm back contact. Thinner Mg layers203

remain slightly transparent, reducing the light confined inside204

the absorber. Thicker Mg layers lead to an enhanced local205

absorption of light in the a-Ge:H photoactive layer. The overall206

absorption inside the absorbing layers of only 25 nm reaches207

a considerable level of 50% from the total incoming light. A208

similar trend can be seen for the total absorption of the complete209

device. Thicker back contact layers lead to an increased total210

absorption of light. Between a back-contact thickness of 25 to211

50 nm, the cavity effect is fully apparent and highest absorption212

is reached, with a maximum of A = 80%. The remaining 20%213

of light are lost due to reflection [14]. However, the difference in214

total and local absorption is the parasitic absorption in the doped215

layers and in the ZnO:Al front contact.216

Fig. 3(a) presents the simulated transmission spectra after217

hydrogen absorption of the switchable photovoltaic window218

for different thicknesses of MgH2. The transmission decreases219

Fig. 3. (a) Simulated spectral transmission of complete device for four differ-
ent MgH2 thicknesses, the blue shaded area represents the visible wavelength
range. (b) CIE 1931 Chromaticity Diagram with 2° Standard observer of trans-
mitted color appearance. Black crosses in the center present the color range for
varying thickness of MgH2 in solar cell “OFF” mode, the red star represents the
white point in the CIE diagram.

Fig. 4. (a) Evolution of photocurrent and (b) evolution of visible transmittance
in dependence of the back-contact thickness. The blue curve shows the data
for a solar cell with metallic Mg, while the orange curve describes the more
transparent cell with MgH2 back contact. The dashed green line indicates the
difference in transmittance of both back contact variations.

gradually by increasing the thickness of the MgH2 layer. The 220

transmission remains comparable for wavelengths below λ = 221

450 nm due to the dominance of the n-i-p semiconductor layers 222

in this spectral range and the refractive index change of MgH2 223

towards smaller wavelength [23]. MgH2 is not fully transparent, 224

since it has an extinction coefficient k > 0 over a wide spectral 225

range. Therefore, more light is absorbed when its thickness 226

increases. The transmission decreases from long to short wave- 227

lengths, since single pass absorption in the absorber, buffer and 228

doped layers decrease the overall transparency. Fig. 3(b) presents 229

the chromaticity diagram of the color appearance of the layer 230

stack in CIE space for transmitted light. The graph shows the Q2231

color appearance of the device for MgH2 thicknesses varied from 232

1 to 50 nm. Overall, the device shows a high color neutrality. 233

With increasing thickness, the color position in CIE space gets 234

closer to the central white point (marked by the red star), but the 235

overall transmission of the device decreases. 236

From the simulation of the local absorption in Fig. 2(a), 237

the photocurrent can be calculated by the multiplication of 238

the absorption spectra A(λ) with the internal photo conversion 239

efficiency η(λ) and the photon flux of the AM1.5 solar spectrum 240

Iflux AM1.5(λ) and their integration over the whole spectral range. 241

For the purpose of simplification, we assume an internal 242

conversion efficiency of η(λ) = 1. The result indicates the maxi- 243

mum achievable current from the corresponding nano-absorber. 244

Fig. 4(a) presents the simulated photocurrent in “ON” and “OFF” 245

state for different back contact thicknesses. With metallic Mg as 246
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back contact, the photocurrent from the intrinsic layers increases247

until it reaches a constant value of Jsc = 13 mA/cm2 beyond248

a Mg thickness of 43 nm. The photocurrent generated in the249

transparent mode remains almost constant at a value of Jsc =250

5.7 mA/cm. The difference between photocurrent in “ON” and251

“OFF” state reaches its highest value of 7.3 mA/cm2 at 43 nm252

where Mg is almost completely opaque and no light can leave253

the cavity by transmission. This is also linked to the optimum254

reflection from the Mg rear mirror leading to higher absorption255

in the ultrathin solar cell.256

Fig. 4(b) shows the average transmittance of the cell in both257

states calculated by following formula to cover a broad spectral258

range of the solar irradiation:259

T =

∫ 1000
350 IAM1.5 (λ) · T (λ) dλ
∫ 1000

350 IAM1.5 (λ) · dλ
.

Hereby T(λ) denotes the transmission spectrum obtained from260

the optical simulation. IAM1.5 is the standard AM1.5G sun261

spectrum given in Wm−2nm−1. On the one hand, the trans-262

parency of the cell stack in “ON” mode decreases drastically263

with increasing Mg thickness, owing to the metallic nature of the264

material. The visible transmittance becomes zero for thicknesses265

beyond 43 nm. This corresponds to the point of saturation of266

the photocurrent in Fig. 4(a). The “OFF” state curve is also267

characterized by a decay of visible transmittance with increasing268

the back-layer thickness. The decay slope of the OFF-state is269

not as steep as the “ON” state. A cell with 25 nm MgH2 has a270

transparency of Tvis = 18%. Thinner layers can reach values271

up to Tvis = 25%. For a thickness of 40 nm, the cell would272

still show a Tvis = 14% in the transparent state. The difference273

in transmission between both states reaches a maximum for274

a thickness of 25 nm. In this region, the optical difference275

between Mg and MgH2 has the highest impact on the optical276

switching of the solar cell. It is interesting to notice that the277

point of highest impact lies at different values for photocurrent278

and visible transmittance. This is related to the fact that the279

photocurrent depends on the condition of the optical field inside280

the cavity. If the Mg layer absorbs hydrogen, its transparency281

and reflectivity change simultaneously [36], [37]. This has a282

strong influence on light trapping inside the cavity as shown283

above. Mg layers with a thickness above 43 nm are almost284

completely opaque. Therefore, no further change in transmission285

can be measured for thicker layers, whereas, thinner layers of Mg286

are still partially transparent to visible light, which reduces the287

change of transparency, in case hydrogen is absorbed. Therefore,288

the thickness of the Mg layer influences the absorption as well289

as the transparency both in an opposite way when hydrogen is290

absorbed.291

After the modeling study of the switchable layers stack, the292

fabrication and the optoelectronic characterization of solar cell293

devices are performed. Fig. 5(a) presents the measured J-V294

curves of five switchable solar cells with different thicknesses of295

the Mg back contact, comparable to the modeling conditions. For296

all investigated Mg thicknesses diode behavior of the cells can297

be seen. However, the J-V curves deviate from ideal behavior by298

the low fill factor (FF) level. The FF lays between 40 and 45%,299

Fig. 5. (a) Measured JV curves of switchable solar cells with 0 to 100 nm
Mg thickness. The dashed lines present single diode fits while the colored
lines present the measured data. (b) Evolution of short circuit current with
Mg thickness. (c) Evolution of series resistance from the single diode fits.
(d) Transmission plots for solar cells with 25 and 50 nm Mg back contact in
absorptive (solid line) and transparent (dashed line) state.

due to the high series resistance induced by the thin Mg contact 300

layers as well as the low parallel shunt resistance resulting from 301

the impurities and recombination sites at the interface between 302

absorber and electrical contact. The open circuit voltage (VOC) 303

and the FF slightly increase for thicker Mg layers. This can 304

be explained by a higher shunt resistance due to lower leakage 305

currents at the junction periphery with Mg [38], as well as more 306

absorption of light. In our study, the short circuit current changes 307

from JSC (tMg = 0 nm) = 4.5 mA/cm² to JSC(tMg = 100 nm) = 308

9.8 mA/cm² with increasing Mg thickness. The evolution of Jsc 309

in dependence on the Mg thickness is displayed in Fig. 5(b). As 310

predicted by the model, the current increases drastically until 311

a thickness of around 40 to 50 nm of Mg is reached. After 312

this point, the photocurrent seems to stays constant independent 313

of the Mg thickness. Even though, the photocurrent is less 314

than expected from the simulation, the thicker Mg layer is 315

able to enhance the absorption inside the cavity, and therefore, 316

improves the photocurrent. Another important point, which was 317

not considered in the optical simulation, is the dependence of 318

the series resistance of the solar cell on the Mg layer thickness. 319

The thickness of the Mg layer influences the series resistance, 320

since the switchable mirror functions not only as back side of the 321

optical cavity, but also as an electrical contact of the cell. There- 322

fore, thicker layers of Mg are able to transport the current with 323

less loss and decrease the overall series resistance. The average 324

value of the series resistance decreases from 40 to 10 Ω with 325

Mg thickness from 0 to 100 nm, as demonstrated in Fig. 5(c). 326

This influences the FF of the diode curves significantly. It can 327

be clearly seen [in Fig. 5(a)], that the slope of the curves close to 328

open circuit condition increases significant for increasing Mg 329

thickness. The overall power conversion efficiency (PCE) of 330

the devices (not shown here) reflect this behavior: The solar 331

cell without Mg rear contact reaches an efficiency of only 0.8% 332

due to the low absorption enhancement, high series resistance 333

and low FF, whereas, a solar cell with 50 nm Mg achieves a 334
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Fig. 6. Image of switchable photovoltaic window with 25 nm MgH2 in
transparent state.

photoconversion efficiency of about 2.0%. For 100 nm Mg rear335

contact, the efficiency only increases slightly up to 2.3%.336

Fig. 5(d) shows the change of transparency of the cell with 25337

and 50 nm-thick Mg back contact, respectively. With 25 nm338

metallic Mg as back contact, the cell is almost completely339

opaque. The remaining transmission reduces the photocurrent340

generation of the device as discussed before. After absorption341

of hydrogen, the transmission of light is increased up to values342

of 30%, which confirms the simulated results. The device with343

50 nm thick Mg back contact is completely opaque in the344

absorptive state. After hydrogen absorption it becomes slightly345

transparent, but does not exceed 5% transmission. This is sig-346

nificantly lower than predicted from the simulation and can be347

explained by the fact that Mg does not turn completely to MgH2348

for layers exceeding a certain thickness level. Thus, the absorbed349

hydrogen could not penetrate through the complete depth of350

the layer. The formation of MgH2 close to the interface with351

Ti creates a diffusion barrier and H2 cannot penetrate deeper352

into the material [39], [40]. A possible solution to prevent this353

blocking layer formation would be the integration of additional354

Ti interface layers in the back contact, as demonstrated for355

thicker Mg layers [41].356

Our experimental and simulation results demonstrate the357

feasibility of a switchable photovoltaic window based on a358

gasochromic Mg/Ti/Pd back reflector. The solar cell is able to359

reach significant absorption of light with only 5 nm a-Ge:H360

absorber layer. The moderate efficiency of 2.0% with switch-361

able back contact might be sufficient to improve the ecological362

footprint of buildings with large glass façades by its dynamic363

shading capacity [9]. One important aspect is the excellent364

color neutrality of the transparent solar cell [see Fig. 3(b)].365

This color neutrality can also be seen in the photograph in366

Fig. 6, showing a transparent solar cell with 25 nm MgH2.367

The integration of the device into the building skin could be368

realized in a double-glazing configuration with the switchable369

solar cell embedded in the inner air-gap. When introducing370

the nonflammable switching gases through a gas inlet into the371

interspace, the cell can be put into “ON” or “OFF” state. To372

achieve high cyclability of the switchable solar cell, the interface373

between the switchable mirror layers and the absorber stack374

needs to be further adapted to preserve the underlying functional375

layers and prevent their deterioration induced by the volume376

expansion of the Mg-hydride compared to the bare Mg layer.377

Using metal alloys and interlayers between absorber and mirror378

might help reducing the detrimental effects. High cyclability of379

4000 cycles of switching has been demonstrated for applications 380

like switchable mirrors based on gasochromic Mg structures 381

[42]. This shows that applying this technology to thin film 382

solar cells might be a promising approach for long-time durable 383

switchable photovoltaics. 384

Further improvements and considerations are required for the 385

specific implementation of the previously demonstrated device 386

technology in real buildings. Nevertheless, the estimation of 387

the power generation capability and the indoor irradiation of 388

such switchable photovoltaic windows is desired [43]. There- 389

fore, we created a model that tracks the direct irradiation to a 390

switchable window with 1.5% efficiency in “ON” mode and 18% 391

transmission in “OFF” mode, installed vertically in the building 392

façade. For this model, we only consider direct irradiation and 393

neglect diffuse light, since we want to focus on the usage of 394

the PV window as a sun blind. We consider windows facing 395

in three different cardinal directions: south (S), south-east (SE), 396

and west (W). Hereby, south describes a window on the northern 397

hemisphere, facing in the direction of the equator. The windows 398

are installed vertically in the building facade and are not adjusted 399

like typical solar cells vertical to the radiation of the incident 400

light. The position of the sun relative to the photovoltaic window 401

determines the amount of direct irradiation by incident light 402

on the surface. The maximum altitude of the sun, which is 403

determined by the latitude of the location on earth, becomes a 404

limiting factor for the generated power. High altitudes of the 405

sun decrease the power generated from the PV window due 406

to the large angle between sun and window normal [31]. The 407

elevation and the azimuth of the sun also depend on the season. 408

Power from direct irradiation can only be generated during 409

times when the angle between sun and window is less than 90°. 410

Irradiation profiles for vertical mounted PV have already been 411

studied before [15] and are also well known from bifacial PV 412

[30]. We focus here on solar energy conversion in the city of 413

Oldenburg, Germany. The presented approach in this work can 414

be generalized to PV windows in other geographical locations 415

taking similar considerations and methods. 416

In order to analyze the performance of photovoltaic windows, 417

the switching model scenarios are defined. There are several 418

different approaches for the simulation of the switching behavior 419

[9]. A threshold model can set a certain level of direct irradiation 420

to trigger the switching process. Hereby, the window would be 421

transparent while the irradiance is below the threshold value 422

and switch into the photovoltaic state above this threshold. This 423

model leads to the results displayed in Fig. 7. Here, the power 424

output of a switchable photovoltaic window with 1.5% efficiency 425

in “ON” and zero percent efficiency in “OFF” mode is shown. 426

Fig. 7(a) presents the reference lines with the solar cell always 427

switched “ON.” While the W facing window shows a clear peak 428

during June and July, the S and SE facing windows achieve 429

the highest power conversion in March and October. This is 430

a result of the higher direct irradiation onto these windows 431

during the months of fall and spring. The converted power per 432

day decreases, when the threshold switching is implemented. 433

Fig. 7(b) shows the daily power outcome of the PV window for 434

a switching threshold of 450 W/m² of direct irradiation. Due to 435

the threshold, only at times of high direct irradiation the solar 436
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Fig. 7. (a) Generated power per day for 1.5% efficiency solar cell that is always
“ON” or (b) only switched ON when the direct irradiation exceeds 450 W/m².
(c) Annual power generation for three different switching scenarios. (d) Indoor
irradiation for three different scenarios.

cell harvests energy for power conversion. There are several437

interesting consequences, which can be seen in Fig. 7(b). The438

W facing window still shows the highest power output during439

the summer months, where especially the irradiation during the440

afternoon onto the window is high. Nevertheless, this window441

does not generate any electricity from direct irradiation in the442

winter months. Since Oldenburg, Germany is located relatively443

far in the north, the sun sets too far in the south to have high444

irradiance onto this window in the winter. This would change445

for locations further south in the northern hemisphere, where the446

S-facing window would keep a high power-conversion from fall447

to spring, whereas, during the summer (June–August) the sun’s448

elevation is too high and the angle between sun and window449

becomes unfavorable. The device remains in window mode and450

no energy is harvested.451

Fig. 7(c) allows the comparison of annual power generation452

for three different thresholds of direct irradiation. The model453

shows that the power output of an S facing window would454

be reduced to 64% of the always on mode when the solar455

cell is only switched “OFF” above a threshold of 450 W/m².456

When the threshold is further increased to 650 W/m², the energy457

is still 36%. The comparison between the cardinal direction458

shows that the S facing window always allows for the high-459

est power outcome. The lack of direct irradiation during the460

summer months is compensated by high irradiation during fall,461

winter and spring season. For the 450-W/m² threshold, only462

a slight reduction of power can be found between S and SE463

facing window from 17.7 to 16.7 kWh/m² per year. The values464

shown here can contribute effectively in the reduction of the465

annual energy consumption of a building. Even though only466

clear sky irradiation is considered, the values give a guideline467

what to expect from switchable photovoltaic windows regarding468

their electricity generation in the façade. The indoor irradiation469

through the switchable solar cell with 18% average transmission470

is shown in Fig. 7(d). It decreases from S facing to W facing 471

windows and from high to low switching value. It is interesting 472

to see that a W facing window, which is always transparent 473

and a window with switching threshold of 650 W\m² almost 474

have the same annual indoor irradiation. This shows that almost 475

no energy is absorbed any more for electricity generation with 476

this setting. Considering the color neutrality of the device, the 477

visual comfort of the interior remains, even though the overall 478

irradiation is reduced. This also reduces the heat flux into the 479

building improving the thermal comfort. 480

This model is a simplified approximation for the evaluation 481

of the real illumination conditions throughout a complete year. 482

Nevertheless, it shows that a combination of switchable pho- 483

tovoltaic windows facing in different directions could support 484

the electricity generation during a year. Using the windows 485

as solar cells to avoid dazzling under sunlight can replace 486

conventional sun blinds and add a sun harvesting ability to 487

windows. Higher electricity generation could be reached by 488

increasing the efficiency of the device, but also by using it on 489

tilted surfaces like rooftop windows for higher solar irradiation 490

income. 491

IV. CONCLUSION 492

This study reports on an ultrathin solar cell with a 493

gasochromic-based optical switching enabled by Mg back con- 494

tact. The thin Mg layer allows the device to switch the absorber, 495

embedded in a nanocavity, between a transparent and an ab- 496

sorptive state, corresponding to “OFF” and “ON” modes of the 497

optical cavity. While working as fully functional solar cell in 498

the cavity “ON” state, the device turns into a transparent window 499

mode after the absorption of hydrogen in the Mg/Pd layers. The 500

variation analysis of the Mg thickness using optical modeling 501

allows the selection of a configuration with highest change 502

in transmission and photocurrent generation. The experimental 503

realization confirms a device with up to 2.3% efficiency and 504

moderate transparency which can be switched “ON” and “OFF” 505

while showing excellent color neutrality. 506

The presented device is a first step toward the realization of 507

large scale switchable photovoltaic windows. The simulation 508

of the power generation in different scenarios shows that by 509

using our switchable solar cell technology, a power output of 510

almost 20 kWh/m² per year can be realized by using only 511

direct sunlight. The accuracy of the presented simulations will 512

be further improved by using real weather data and includ- 513

ing also diffuse light. The successful demonstration of the 514

promising potential for such switchable solar cells can pave 515

the route for further valuable contribution to existing BIPV 516

concepts. 517
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