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Featured Application: This technology is expected to be applied to high-performance 

photovoltaic applications like zero-emission buildings and light-weight aerospace. 

Abstract: The outdoor field test of the 4-terminal III-V on Si tandem photovoltaic module 

(specifically, InGaP/GaAs on Si) was investigated and performance model, considering spectrum 

change affected by fluctuation of atmospheric parameters, was developed and validated. The 4-

terminal III-V on Si tandem photovoltaic module had about 40 % advantage in seasonal 

performance loss compared with standard InGaP/GaAs/InGaAs 2-terminal tandem photovoltaic 

module. This advantage is expanded in (subarctic zone) < (temperate zone) < (subtropical zone). 
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1. Introduction 

High-efficiency power or energy conversion is the typical research target of photovoltaic 

technology. However, it is also known through field experience and theoretical analysis considering 

spectrum fluctuation that the photovoltaic system that wins the efficiency-race does not always 

perform the best in the real world [1-4].  

Currently, Si solar cell has commonly prevailed in the market. The best efficiency of the Si that 

was confirmed testing laboratories is 26.7% [5], and the theoretical limit is 29.43% [6]. For further 

improvement of efficiency, multi-junction or tandem configuration is preferred. The principles of 

multi-junction cells were suggested in 1955 [7] and investigated in 1960 [8]. The significant progress 

was triggered by liquid-phase, and the vapor-phase epitaxy brought AlGaAs/GaAs multi-junction 

cells in the 1980s, with tunnel junctions [9] and metal interconnections [10-12]. At that moment, it was 

predicted that the power-conversion efficiency of multi-junction solar cells would reach close to 30% 

[13], but this was not achieved because of difficulties with high-performance, stable tunnel junctions 

[14] as well as oxygen-related defects in the AlGaAs at that time [15]. The break-through was a high-

performance, stable tunnel junctions with a double-hetero (DH) structure [16]. Later on, InGaP was 

introduced for the top cell [17], and as a result, it was finally achieved to 29.5% efficiency by a 0.25 

cm2 GaInP/GaAs two-junction cell [18]. More recently, 37.9% efficiency and 38.8% efficiencies have 

been achieved with InGaP/GaAs/InGaAs 3-junction cells [19] and with a 5-junction cell [20]. 

On-Si tandem solar cells use the widely-used Si solar cell as the bottom junction of the tandem 

solar cell. Because the technology of Si solar cells is well-established, the production cost of the solar 

cell is expected to reduce, at least, the one to the substrate or the bottom junction [21]. The III-V/Si 

(III-V on Si) 3-junction and 2-junction tandem solar cells right now exhibit excellent efficiency with 

35.9% [22] and 32.8% [22]. That of the perovskite/Si 2-junction tandem solar cells is 28.0% [23]. That 

of CdZnTe/Si 2-junction tandem solar cell is 16.8% [24]. That of GaAs nano-wire/Si 2-junction tandem 

solar cell is 11.4% [25]. The III-V/Si tandem solar cell has the best efficiency among them. Related to 
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this III-V/Si tandem solar cell technologies, several module technologies, including a partial 

concentrator module [26]. The tested power conversion efficiency of a pair of InGaP/GaAs partial 

concentrator cell on Si, including optical loss of the concentrator optics, was 27.1% [27]. The partial 

concentrator module, also using InGaP/GaAs partial concentrator cell on Si and designed for 

automobile application, showed 21.5% module efficiency [28]. The non-concentrating module using 

InGaP/GaAs cell on InGaAs by 4T configuration showed 31.17% [1, 29].     

Regardless of the material type combined with Si bottom junction, mismatching loss by the 

spectrum change will be a big issue [30-35]. Four-terminal (4T) tandem cells were designed so that 

the output of the Si cell and other top junctions were taken independently, thus robust to the 

spectrum change. In the case of III-V/Si three-junction solar cells that are frequently considered as an 

excellent candidate for the high-efficiency solar cells, the output terminal from the top cell comes 

from two-junction III-V solar cells, and the top two-junction cell is still susceptible to spectrum change. 

Therefore, a long-term field test of the module using III-V/Si 4T solar cells is essential to the validation 

of the use of this configuration. Currently, the best efficiency confirmed by the third-party is 33.3% 

[36].   

2. Methods  

The purpose of our work is to develop an accurate method of predicting the performance of 

photovoltaic modules using tandem 4T solar cells, considering spectrum variation. The base model 

of the spectrum is Bird’s model [37]. Bird’s model only covers the clear sky days, and we expanded 

it to cover all-climate roughly [38]. This new spectrum model and the response of the tandem module 

was validated by the long-term (multiple years) measurement of the performance of the module [38].   

2.1. Device configuration 

The fundamental difference of 2T and 4T configuration is that the former one connects entire 

sub-cells all in series, and the latter divides the circuit into two pieces using two-pairs of output lead, 

namely, four-terminal (Figure 1). Each pair of leads can be connected to two independent loads so 

that each 2T output can be controlled by independent MPPT (maximum power point tracking). There 

are two advantages. One is less loss in spectrum mismatching because the shorter-wavelength zone 

and longer-wavelength zone are connected independent loads. Another is more flexibility in the 

design of the solar cell. In this particular case, the 4T configuration uses Si to the bottom sub-cell and 

III-V two-junction cell in the top sub-cell. Both sub-cell technologies are well-established, and it is not 

necessary to consider various constraints of the integration into one-piece (typically monolithic 

growth) solar cells. 

 

 
(a) 

 
(b) 

Figure 1. Measured 4T III-V/Si module and its solar cell structure: (a) Description of measured 4T III-

V/Si module, 2 + 1 junctions (right) with comparison to the 2-terminal III-V 3-junction module. Note 

that the number of junctions is the same; (b) Spectro-radiometers installed at the University of 

Miyazaki [38]. 

2.2. Measurement system 

The field test was done at the University of Miyazaki. The details of the measurement setup can 

be found in our recent publication of Applied Sciences [38], as shown in Figure 2.  
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The sub-module with InGaP/GaAs two-junction solar cell on Si solar cell was fabricated by 

SHARP and installed at the University of Miyazaki along with a 2T three-junction module 

(InGaP/GaAs/InGaAs). The output characteristics of these PV modules were measured using an I-V 

curve tracer. Pyranometers were installed on 25° (EKO MS-602) and 35° (EKO MS-411) inclined 

platforms to measure global irradiance. A pyranometer was also installed on a two-axis sun-tracking 

(EKO MS-602) to measure global normal irradiance. Measurements were carried out every 3 min 

from 5:30 a.m. to 6:30 p.m. The solar spectrum was measured using spectro-radiometers (EKO MS-

711, MS-712). They were installed on 35° inclined platforms. Measurements were made every 10 min 

from 5:00 a.m. to 8:00 p.m. 

 

 
(a) 

 
(b) 

Figure 2. Measured 4T III-V/Si module and its solar cell structure: (a) Description of measured 4T III-

V/Si module, 2 + 1 junctions (right) with comparison to the 2-terminal III-V 3-junction module. Note 

that the number of junctions is the same; (b) Spectro-radiometers installed at the University of 

Miyazaki [38]. 

2.3. Spectrum model 

The performance model we used was identical to the one we used to analyze the PV module 

using the 2T configuration [38]. We called it an MS2E model (Miyazaki Spectrum-to-Energy method). 

Let us describe a rough flow of the analysis and the model. 

 First, we need to define the solar spectrum. The spectrum we assumed was a linear combination 

of the spectrum of the clear sky condition and that of the overcasting condition [38]. The spectrum of 

the overcasting condition was assumed that the solar power was lost just by absorption, corrected by 

the solid angle of the sky affected by the slope angle of the module. Then, the solar spectrum is 

approximated as Equation (1) and Equation (2). 

𝐼𝜆 = 𝑓𝐼1𝜆 + (1 − 𝑓)𝐼2𝜆 (1) 

𝑓 =
𝐷𝑁𝐼

∫ 𝐼𝑑𝜆𝑑𝜆
4000 𝑛𝑚

300 𝑛𝑚

 (2) 

where, 𝐼𝜆 is the global spectral irradiance using our spectrum model considering all-weather at a 

wavelength (W/m2nm), 𝑓 is the weather correction factor defined by Equation (2), 𝐼1𝜆 is the global 

spectral irradiance calculated using Bird’s spectrum model [37] at a wavelength (W/m2nm), 𝐼2𝜆 is 

the global spectral irradiance calculated using a new spectrum model assuming full cloud cover at a 

wavelength (W/m2nm), 𝐷𝑁𝐼 is the direct normal irradiance, and 𝐼𝑑𝜆 is the direct normal spectral at 

a wavelength (W/m2nm). The spectrum calculated by this model, with contrast to Bird’s model is 

shown in Figure 3 [38]. Note that the Bird’s spectrum model was improved by considering 

atmospheric parameter variability and cloud conditions. The Y-axis corresponds to normalized by 

integrated spectral irradiance to evaluate the shape of the solar spectrum. The black trend line is the 

measured global solar spectrum. The gray trend line is the reference spectrum in AM 1.5G. The red 

trend line and the blue trend line are the estimated global solar spectrum using the MS2E method 

and Bird’s model considering only air mass, respectively. In the wintertime, atmospheric parameters 

are close to those under the standard conditions, so that the estimated solar spectrum approaches to 

the reference AM1.5G spectrum. In the summertime, the aerosol density often becomes smaller than 

2-terminal

InGaP/GaAs/InGaAs

4-terminal

InGaP/GaAs on Si
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that of the standard value, and the precipitable water becomes larger. The short-wavelength region 

of the solar spectrum becomes fat, and the long-wavelength region becomes thin. During the cloudy 

days, the influence of cloud appears in the short-wavelength region of the solar spectrum so that the 

long-wavelength region drops. 

 

Figure 3. Comparison with measured and estimated values (Bird’s model and MS2E model) of global 

irradiances tilted at 35° [38]. 

2.4. Performance model 

The power output of the module is the product of the short-circuit current, open-circuit voltage, 

and fill factor (FF). First, FF was calculated by the ratio of the spectrum mismatching—specifically, 

generating a correlation chart between calculated FF and the ratio of mismatching at first; then, a 

general trend of these two parameters was fitted to the parabolic curve so that the FF is represented 

as the function of the spectrum-mismatching index. The short-circuit current can be calculated as the 

integral of the product of the spectral irradiance and spectral efficiency of the module, which can be 

calculated from the external quantum efficiency affected by spectrum mismatching. The angular 

characteristics in the photon absorption were measured in advance. The detailed calculation 

procedure was identical to our previous work [38]. 

We also need to solve the complicated coupling of spectrum and angles. The key parameters are 

atmospheric parameters that are dependent on each other. For example, different incident angle 

modifier and different orientation lead to a diverse mixture of direct and diffused sunlight. The 

atmospheric parameters were calculated by the spectrum, using a data-fitting calculation called the 

Bird’s model [39-40] at the University of Miyazaki [41]. The developed model for the analysis of non-

concentrating solar cells is given in Figure 4 [1]. The nonlinear effect result from distributed effects 

often seen in III-V (especially concentrator cells) was not considered [42-43]. 
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Figure 4. Modeling performance of the non-concentrating multi-junction solar cells considering the 

complicated spectrum and angle interaction [1]. In this study, we only considered the flat plate, so 

that correction to the curved surface in the integrated tool was not applied. 

3. Results 

First, we examined our performance model (MS2E model) that could be applied to the PV 

module using 4T tandem cells. We monitored the module performance in every 3 minutes from 05:30 

to 18:30 on January 3, 2019. The slope angle was 35°. The location of the test site at the University of 

Miyazaki was N31.83°, E131.42°. The result of the measurement and the validation result is shown in 

Figure 5 and Table 1. The output trend in Figure 5 was decomposed to InGaP/GaAs top cell and Si 

bottom cell, namely, we applied independent MPPT (maximum power point tracking) search to each 

pair of the terminals. The predicted output of the 4T tandem module using our MS2E performance 

model supported by the all-climate spectrum model (Equation (1) and (2)) matched well. It was also 

shown that the accuracy in prediction of the daily energy yield is within plus or minus 2% of error. 

 

Figure 5. Validation of the performance model (MS2E model) to 4T tandem module, decomposing 

performance in each output terminal (InGaP/GaAs top cell, and Si bottom cell).  

Table 1. Comparison between measured and estimated (predicted by MS2E model) energy yield in 

a day (January 3, 2019) 

 Measured Estimated Error 

InGaP/GaAs on Si1 39.6 Wh 40.4 Wh 1.9 % 

InGaP/GaAs 28.0 Wh 28.9 Wh 3.4 % 

Si 11.6 Wh 11.4 Wh 1.9 % 
1 4T configuration independently takes the output from the top and bottom cells; the output of the InGaP/GaAs 

on Si module is a simple sum from the InGaP/GaAs top layer and Si bottom layer. 
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4. Discussion 

It was shown that our MS2E model is sufficiently accurate to discuss the annual and outdoor 

performance of 4T tandem modules. Next, let us discuss and compare with other types of tandem 

modules with consideration of regional variations. 

4.1. Comparison between 4T and 2T configuration 

The annual performance of the 4T tandem module was calculated by the validated MS2E model. 

For comparison robustness to the seasonal spectrum change, it is essential to introduce a normalized 

scale of the performance, because the area, nominal output, cell type, and power conversion efficiency 

are different. We used performance ratio PR and the ratio of the performance peak-to-peak Rpp that 

is defined by Equation (3) and Equation (4). 

𝑃𝑅 =  
(𝑂𝑢𝑡𝑑𝑜𝑜𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)

(𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑆𝑇𝐶)
 (3) 

𝑅𝑝𝑝 = 1 −
(𝑝𝑒𝑎𝑘 𝑡𝑜 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑃𝑅 𝑖𝑛 4𝑇)

(𝑝𝑒𝑎𝑘 𝑡𝑜 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑃𝑅 𝑖𝑛 2𝑇)
 (4) 

Note STC means the standard testing condition. PR value given by Equation (3) corresponds to 

how much power generation performance of the photovoltaic module drops in outdoor operation 

about the indoor testing result measured by the standard testing condition. Rpp value given by 

Equation (4) corresponds to the degree of suppression of the seasonal variation of performance of 4T 

configuration relative to standard 2T configuration. Both PR and Rpp values were integrated 

throughout a day, and their daily trend was plotted in time-series. The result with contrast to 2T 

configuration is shown in Figure 6 and Table 2. Note that the peak-to-peak value of the PR variation 

of 4T configuration was 0.084, and that of 2T was 0.139. The degree of improvement of seasonal 

variation Rpp was 39.8 % (Figure 6 (a)). As a result, the annual energy yield per nominal power of 4T 

configuration increased to 1500 kWh/kW, and that of 2T was 1442 kWh/kW (Table 2). The 

improvement was mainly seen in the summer. It corresponded to the variation of water precipitation 

(Figure 6 (b)). The bandgap of the bottom cell of Si is 1.11 eV, and the absorption edge is 1100 nm so 

that the performance of the Si bottom cell would not be affected by the water absorption typically 

seen in around 1200 nm. 

 

 
(a) 

 
(b) 

Figure 6. Comparison of the seasonal output between 4T configuration and 2T configuration affected 

by variation of the atmospheric parameter: (a) Predicted seasonal fluctuation of the normalized 

energy yield of 4T (red and solid line) and 2T (black and dashed line) configuration; (b) Seasonal 

variation of precipitable water (optical depth) in our measurement that is likely to be responsible from 

the difference of behavior between 2T and 4T configuration [38]. 

Table 2. This is a table. Tables should be placed in the main text near to the first time they are cited. 
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PR 

peak to peak value 

Annual energy yields 

(kWh/kW) 

InGaP/GaAs on Si1 

(4-terminal configuration) 
0.084 1500 

InGaP/GaAs/InGaAs 

(2-terminal configuration) 
0.139 1442 

1 4T configuration independently takes the output from the top and bottom cells; the output of the InGaP/GaAs 

on Si module is a simple sum from the InGaP/GaAs top layer and Si bottom layer. 

On the other hand, InGaAs bottom cell with 1.0 eV bandgap is affected by the absorption of this 

band. In 2T configuration, the reduction of absorbed photons in this water band constrains the current 

output of series-connected entire junctions. In addition to the difference in numbers of terminals (4T 

or 2T), the difference of the bandgap of the bottom cell affected the degree of the seasonal variation. 

4.2. Regional difference in the behavior of 4T and 2T performance 

The fact that the seasonal variation is affected by water precipitation implies that the gain by 4T 

configuration may be strongly affected by the local climate. 

With the validation of the MS2E model in the estimation of PV output, we applied it more 

broadly. The solar database METPV-11 [45, 46] has solar irradiance measurement data for 837 

locations in Japan. Using these data and our PV output forecasting model, we examined the seasonal 

energy yields in various locations with different climates. To determine the atmospheric parameters, 

measurement data of the solar spectrum are required. NEDO classified Japan into five solar radiation 

climate zones to clarify regional differences in solar radiation conditions. The solar spectrum was 

measured at five points, including Naganuma (Subarctic zone), Tosu (Temperate zone), and 

Okinoerabu (Subtropical zone). We extracted aerosol density and water precipitation in each solar 

radiation climate zone. Correctly, the aerosol density and water precipitation were extracted using a 

model in Equation (1) and (2) that minimizes the deviation of the global spectrum between the 

experimental values measured and the values. Note that the estimated global spectrum is a function 

of the variables aerosol density and water precipitation [38]. 

The result is shown in Figure 7. From left to right column, transition from the subarctic zone, 

temperate zone and subtropical zone, water precipitation, that were calculated by optical absorption 

of the spectrum using the method as mentioned above, increased. The gain of 4T configuration (Rpp 

value) increased accordingly.  
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Figure 7. Comparison of the annual output between 4T configuration and 2T configuration affected 

by the variation of the atmospheric parameter. The red solid trend line in the bottom charts 

corresponds to the normalized energy yield of 4T, and the black dashed trend line corresponds to that 

of 2T configuration. 

4.3.Further performance improvement  

Although the 4T configuration effectively improves the seasonal loss of multi-junction modules, 

there still is some seasonal drop. It is because the top cell has two junctions, and its spectrum 

mismatching drops the output of the top cell.  

Further improvement of the mismatching was proposed in several articles. One is fine-tuning of 

the bandgap energy [47]. The second is enhancing radiative coupling that was shown in the 

concentrator PV application [48] and non-concentrating application [1].  

5. Conclusions 

The advantage of the 4-terminal configuration of the photovoltaic module using a triple-junction 

solar cell, precisely, InGaP/GaAs on Si solar cell, was compared by conventional 2-terminal triple-

junction module, specifically, InGaP/GaAs/InGaAs solar cell. The behavior of seasonal variation of 

performance and spectrum influence was modeled and validated outdoor measurement. The annual 

amplitude of the seasonal peak-to-peak performance ratio improved by about 40 %. This robust 

performance of the seasonal fluctuation of the solar spectrum is useful to applications to high-

performance photovoltaic applications like zero-emission buildings and light-weight aerospace [49]. 

For the application to the vehicle-integrated photovoltaic, it is also essential to consider 3D Solar 

Irradiance (modeling [50] and measurement [51]), as well as the performance of the photovoltaic in 

the curved surface (modeling [52] and the standard [53]). 

The seasonal fluctuation of the 2-terminal triple-junction solar is also responsible for seasonal 

variation of the water precipitation. The above-validated model was expanded to various climate 

zones. The advantage of 4T on Si configuration increases (subarctic zone) < (temperate zone) < 

(subtropical zone).  
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