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Abstract— Independent current extraction in multi-junction 

solar cells has gained attention in recent years because it can 

deliver higher annual energy yield and can work for more 

semiconductor material combinations than the more established 

series-connected multi-junction technology. The heterojunction 

bipolar transistor solar cell concept (HBTSC) was recently 

proposed as a simple, compact and cost-effective multi-terminal 

device structure that allows independent current extraction. It 

consists of only three main layers: emitter, base and collector. In 

this work we use a drift-diffusion model to analyze important 

aspects in the design of an HBTSC structure based on typical III-

V semiconductor materials. We find that carrier injection from the 

emitter into the collector (transistor effect) degrades the open-

circuit voltage of the top sub-cell, but this risk can be eliminated 

by optimizing the base design. We find requirements for the base 

layer which are, in principle, achievable in the context of current 

III-V semiconductor technology. 

 
Index Terms — Drift-diffusion model, heterojunction bipolar 

transistor solar cell, multi-junction solar cell, novel photovoltaic 

concept.  

 

I. INTRODUCTION 

ULTI-junction solar cells combine several sub-cells 

made of different semiconductor materials, each one 

absorbing a portion of the solar spectrum. This absorption 

selectivity leads to a high photovoltaic efficiency because the 

sub-cells converting high energy photons can deliver their 

photocurrent at correspondingly high voltages. This is the main 

reason why, multi-junction solar cells and, in particular, those 

made of epitaxial III-V materials, hold the absolute efficiency 

records to-date among all existing photovoltaic technologies 

[1]. 

In order to facilitate the integration of multi-junction devices 

into modules, most of them have been designed to operate under 

the condition of current-matching, that is, the device has only 

two terminals and the sub-cells are forced to produce the same 

photocurrent because they are interconnected in series. 

Although this configuration has been very successful, the 

current-matching constraint introduces some problems. First, 
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current-matched structures are very sensitive to the choice of 

band-gap energies. Efficiency limit calculations show that 

adopting an independent current extraction design increases 

enormously the range of band-gap energies that are suitable for 

each different sub-cell in a multi-junction stack [2], [3]. This is 

a crucial aspect when there is a need to combine specific 

semiconductor materials for technological or economic reasons, 

as it is recently the case of the perovskite/silicon tandem [4], 

[5]. It has to be noted that, even if the chosen materials have 

optimum band-gap energies at 25 ºC, those energies will change 

under real operation conditions due to temperature variations. 

Also, the condition of current-matching makes multi-junction 

solar cells sensitive to spectral changes caused by the 

movement of the sun in the sky and by atmospheric phenomena 

[6]. This results in a significant reduction of the annual energy 

yield for three or more junctions with respect to the case where 

the same junctions were independently connected [7], [8].  

Those limitations in current–matched multi-junction cells 

have motivated a growing interest in device architectures with 

three or more terminals [9]–[15], in spite of the extra 

operational effort that they may introduce [16]–[18]. In this 

context, it is desirable not to introduce excessive complexity in 

the solar cell structure. The heterojunction bipolar transistor 

solar cell (HBTSC) proposed in Ref. [9] is a three-terminal 

device with the theoretical efficiency limit of an independently 

connected double-junction solar cell and with an extremely 

simple structure, compatible with monolithic, thin-film and 

low-cost technologies [19]. At this respect, it is remarkable that 

the HBTSC does not require the introduction of tunnel junctions 

or isolating layers. Fig. 1(a) shows the basic layer structure of 

an HBTSC. It resembles a heterojunction bipolar transistor and, 

as in the case of the transistor, it can be either npn or pnp. The 

top junction is formed between two layers called emitter (E) and 

base (B) in analogy to the bipolar transistor. They are made of 

semiconductors of high band-gap energy (not necessarily the 

same one). The bottom junction is formed between the base (B) 

and collector (C) layers with the latter made of a low-bandgap 

semiconductor. 
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Fig. 1: (a) Structure of an npn HBTSC showing the three-terminals 
and the external circuits for independent current extraction. (b) 
Band diagram of an npn HBTSC in open circuit. Dashed lines 
represent the electron and hole quasi-Fermi levels. Note that the 
bending of the minority carrier quasi-Fermi level in the base layer 
enables the top junction to have a higher VOC than the bottom 
junction. The pnp structure is conceptually identical, exchanging 
the roles of electrons and holes. 

 

Compared to conventional multi-junction technologies, the 

HBTSC has the advantage of a very simple structure. The 

current efficiency record for independently-connected double-

junction devices corresponds to a four-terminal solar cell that 

comprises an epitaxial III-V (five layers) top cell and a 

complete silicon bottom solar cell, the two of them attached to 

either side of a glass slide [12]. On the other hand, monolithic, 

current-matched double-junction solar cells made of III-V 

semiconductors have at least 13 epitaxial layers and require a 

tunnel junction. An HBTSC also made of III-V materials is 

monolithic and contains a total of six layers, including all 

passivating and contact layers. 

To exploit the potential of the HBTSC simple structure and 

make the step from theory to practical implementation it is 

necessary to find cost-effective and efficient device designs. In 

the band diagram of Fig. 1(b) we see that, conceptually, the top 

junction open-circuit voltage (VOC) can be larger than the 

bottom junction VOC, as expected from a double-junction solar 

cell, even though the two junctions share the base layer. This 

results from a strong bending of the minority carrier quasi-

Fermi level in the base [9], [20]. The question arises: is it 

possible to produce this quasi-Fermi level bending without 

power losses and achieve a high voltage on the top cell using a 

base layer of realistic material parameters and reduced 

thickness, compatible with monolithic or low-cost 

technologies? In this work we apply a simple drift-diffusion 

model to answer this question. We use the example of an 

HBTSC made of III-V semiconductor materials because their 

properties are well characterized, but the main conclusions of 

the model are applicable to other material systems. We have 

also recently produced proof-of-concept HBTSC prototypes 

based on this type of materials which corroborate the main 

features of the HBTSC (see Ref. [18] for an AlGaAs/GaAs 

prototype and Ref. [21] for a GaInP/GaAs prototype). 

II. HBTSC DRIFT-DIFFUSION MODEL  

In order to illustrate the role of the base layer on the 

performance of the HBTSC we use a drift-diffusion model. For 

simplification, we do not introduce illumination and study only 

the dark characteristics (with the exception of Fig. 6). Also, we 

fix all electronic parameters of the emitter and collector. 

Throughout the paper, only the base parameters will vary. 

Moreover, the thickness of emitter and collector are set to 

infinity. This way, their contribution to the dark current can be 

calculated with the long diode model (the recombination 

depends only on the diffusion length, and not on the actual 

thickness or the surface recombination velocity at the front or 

rear surfaces).  

As long as the device is in the dark, the equations of the drift-

diffusion model are the same as for an ideal bipolar transistor 

(BJT). It is known that the BJT performance profits from strong 

carrier injection from emitter to collector because this leads to 

a high transistor gain. For that reason, the design always 

considers a very small base thickness (WB) and the equations 

are simplified. However, we can anticipate that the typical 

short-base approximation should not be used here because the 

detailed balance model of the HBTSC shows that carrier 

injection has to be avoided to reach the efficiency limit of a 

double-junction solar cell [9]. Therefore, we will use the non-

approximated set of equations for a long base, which can be 

found in detailed BJT books such as [22]. They are compiled in 

Table III in the Annex.  

TABLE I 

EMITTER AND COLLECTOR MATERIAL PARAMETERS 

 Emitter Collector 

Representetive of  
Ga0.5In0.5P 

Al0.33Ga0.67As 
GaAs 

EG (eV) 1.84 1.42 

ni (cm-3) 1064 2.1  106  

ND (cm-3) 2  1017 2  1017 

Lh (µm) 0.2 2 

µh (cm²/V∙s) 50 200 
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We have chosen the material parameters so that they are 

approximately representative of a state-of-the-art lattice-

matched III-V-semiconductor photovoltaic device. Table I 

summarizes the main parameters for the emitter and collector. 

The emitter has a band-gap energy (EG) of 1.84 eV and an 

intrinsic carrier concentration (ni) of 1064 cm-3 at room 

temperature, which is representative of Ga0.5In0.5P or 

Al0.33Ga0.67As (this relationship between EG and ni is exact for 

AlGaAs and approximate for GaInP). The collector has the 

parameters of GaAs, EG = 1.42 eV and ni = 2.1∙106 cm-3. Doping 

concentrations (ND), minority carrier mobilities (µe) and 

minority carrier diffusion lengths (Le) are also given in Table I. 

They have been chosen so that two single-junction solar cells 

made of either material and stacked on top of each other would 

produce approximately 1.39 V and 1.02 V VOC under one-sun 

illumination. 

For the base, we consider three possible materials. We have 

labelled them base material 1 to 3 (BM1 to BM3), as 

summarized in Table II. BM1 is similar to the emitter material, 

BM2 is representative of a higher band-gap material, such as 

Al0.5Ga0.5As or AlGaInP with low Al content, and BM3 is 

representative of a very high band-gap material, such as AlAs 

or Al-rich AlGaInP. We set the base minority carrier mobility 

(µB) to 100 cm2/V∙s and vary the doping level (NA) and minority 

carrier diffusion length (LB).  

III. RESULTS – DESIGN OF THE BASE LAYER 

Fig. 2shows the dark current density calculated for the top 

junction (J0
top) when this junction is biased at 1.3 V and the 

bottom junction is biased at 1.0 V (close to maximum power 

point operational voltages). The base thickness has been set to 

800 nm and different minority carrier diffusion lengths are 

considered. The three plots show the three material choices for 

the base, from lower to higher band-gap energy: BM1 (a), BM2 

(b) and BM3 (c). As for any pn junction, an increase in the dark 

current is detrimental because it will lead to a decrease in the 

output power delivered by the top junction when it is under 

illumination (for a fixed photogenerated current density). 

The J0
top value results from the sum of an emitter contribution 

(holes injected from the base, Eq. (5)) and a base contribution 

(electrons injected from the emitter, Eq. (4)). Therefore, the 

minimum possible J0
top is achieved when the base contribution 

is negligible, and it is determined by the emitter parameters. 

The increase in J0
top over that baseline that we observe in some 

curves can be explained by the injection of majority carriers 

from the emitter into the base. Fig. 2 shows that carrier injection 

 

 

is reduced with high band-gap energy and/or doping level in the 

base. Increasing the minority carrier diffusion length in the base 

also decreases carrier injection. It has to be noted that the plots 

have a logarithmic scale – any difference in J0
top that is 

noticeable to the eye in these plots will already have an impact 

on the one-sun VOC of the junction. In the case of our example 

with WB = 800 nm we see that, if we choose material BM1, 

carrier injection can be avoided for very high doping levels (≥ 

1018 cm-3) and high LB values (≥ 300 nm). This combination is 

difficult to find in practice. With material BM2 more feasible 

 
Fig. 2: Calculated dark current in the top junction at (VTOP = 1.3 V, 

VBOT = 1.0 V) vs. base doping concentration for the device 

described in the text (WB = 800 nm) with different base materials: 

(a) BM1, (b) BM2 and (c) BM3. Different curves correspond to 

different LB values. 

TABLE II 
CHOICES OF MATERIAL PARAMETERS FOR THE BASE 

 BM 1 BM2 BM3 
 

Representative of 
like 

emitter 

Al-poor AlGaInP 

Al0.5Ga0.5As 

Al-rich AlGaInP  

AlAs 

 

EG (eV) 1.84 2.00 2.17  

ni (cm-3) 1064 274 12.4   
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combinations work, such as (NA ≥ 1017 cm-3, LB ≥ 300 nm) or 

(NA ≥ 1018 cm-3, LB ≥ 50 nm). For the high band-gap material 

BM3, we see that carrier injection is avoided independently of 

other parameters.  

 

 

 

Let us now discuss the dark current density in the bottom 

junction (J0
bot). Fig. 3 shows J0

bot calculated for the same cases 

and the same working point as in Fig. 2. Interestingly, the 

combinations of band-gap energy and doping level that made 

J0
top increase, make J0

bot decrease. This can be understood with 

the aid of the sketch in Fig. 4. Since the two junctions oppose 

each other, they have opposite signs for the photogenerated 

current density (JL) and the dark current density. If the dark J0
top 

injected from the emitter reaches the collector, it is seen as an 

apparent bottom photogenerated current density (JL
bot) 

contribution. In fact, if we choose the right parameters and plot 

the complete dark J0
bot (VBOT) curves for sufficiently high top 

junction voltage (Vtop) values, they appear as if the junction was 

illuminated (see Fig. 5). Therefore, we conclude that the 

injection of carriers from the emitter into the collector 

(transistor effect) is beneficial for the photovoltaic performance 

of the bottom junction, although the “apparent photocurrent” 

added is very little compared to standard one-sun photocurrents. 

Note that, in principle, the bottom junction could also inject 

carriers into the top junction and improve its performance. 

However, this will not happen under normal operation 

conditions because Vtop > Vbot. 

 

 

Fig. 4: Illustration of the direction of photogenerated currents and 
dark currents in an npn HBTSC. 

 

 

 

Another important aspect in the interpretation of Figs. 2 and 

3 is the impact of LB. The detrimental increase in J0
top is larger 

for low LB values, but the beneficial effect on J0
bot is stronger 

for high LB values. This is because, if LB is low, carrier injection 

 
Fig. 3: Calculated dark current in the bottom junction for the same 
device (WB = 800 nm) and at the same working point as Fig. 2, vs. 
base doping concentration, with different base materials: (a) BM1, 
(b) BM2 and (c) BM3. 

 

Fig. 5: Calculated bottom junction dark current for an HBTSC with 
base material BM1, WB = 800 nm, NA = 7  1017 cm-3 and LB = 900 
nm. They look like illumination curves due to the transistor effect.  
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from the emitter into the base is strong, but those carriers 

recombine in the base and do not reach the collector. Only if LB 

is large enough, they contribute to the performance of the 

bottom junction. Therefore, we can conclude that, in the cases 

where the band-gap energy and doping of the base allow it, 

small LB’s degrade strongly the performance of the top junction 

without improving the bottom junction. Large LB’s lead to a 

lesser degradation of the top junction and to some improvement 

of the bottom junction. However, when illumination currents 

are added to our model, the net power balance for the cell as a 

whole is negative because the top cell operates at a higher 

voltage than the bottom cell. Therefore, the loss in the top 

junction always exceeds the gain in the bottom junction if the 

two cells are biased at their respective maximum-power point 

voltages (VMPP). This is consistent with the results of the 

detailed balance model presented in [9] which advanced that the 

transistor effect has to be avoided by decreasing the emitter 

injection efficiency in order to maximize the photoconversion 

efficiency. At this respect it is worth noting that when we 

choose the base material BM3, no carrier injection is observed 

for any doping level or LB value even for base thicknesses as 

low as 50 nm. It has to be noted that the problem of power loss 

due to carrier injection through the base can appear in any kind 

of transistor-like solar cell, not only in the heterojunction 

transistor like solar cell presented here. Refs. [23] and [24] 

present thorough discussions on the nature and the impact of 

minority carrier diffusion currents in the base of transistor-like 

silicon interdigitated back contact (IBC) solar cells designed to 

be used as bottom cell in current-mismatched tandems.  

IV. IMPACT OF THE BASE DESIGN ON THE VOC  

Finally, we present in Fig. 6 an example of illumination J-V 

curves for an incorrect HBTSC design in which the transistor 

effect has not been correctly eliminated. The following 

parameters have been considered: base material BM1, WB = 50 

nm, NA = 1  1017 cm-3 and LB = 900 nm. This is an illustrative 

example where we have directly applied the superposition 

principle directly, subtracting from both cells a photogenerated 

current JL
top = JL

bot = 15 mA/cm2. This approximation is 

acceptable if we assume that emitter and collector are able to 

absorb virtually all photons in their respective spectral ranges. 

Fig. 6 (a) shows the illumination J-V curve of the top 

junction. We have considered the cases where the bottom 

junction is short-circuited (red curve) and biased at its VMPP 

(orange curve). Note that in cases where there is cross-talk 

between the junctions, such as here, the MPP has to be 

calculated by maximizing the total power produced by both 

junctions. As a reference, we have also plotted the case of an 

isolated homojunction with emitter and base having the same 

parameters as before and an infinite length (long diode). 

In Fig. 6 (b) similar curves are plotted for the bottom 

junction. To be consistent in the comparison with reference 

devices, in this case the homojunction considered would be a 

GaAs homojunction (blue curve). This way, both blue curves 

together illustrate the case of a conventional four-terminal 

double-junction solar cell.  

 
Fig. 6: Illumination J-V curves calculated for an incorrectly designed 
HBTSC where carrier injection from emitter to collector is possible. 
(a) top junction, (b) bottom junction. The red and orange curves 
represent different voltages of the opposite junction. The blue curves 
represent, respectively, the top and bottom homojunctions in a 
conventional independently-connected double-junction solar cell.   

 

We observe that the photocurrent of the bottom cell increases 

slightly when Vtop is raised [see inset in Fig. 6 (b)], which can 

be explained with the same arguments applied to Fig. 5Fig. 3. 

Changes in the top junction plot are not appreciable when Vbot 

is varied. What results very noticeable in this example of non-

optimal HBTSC design is that the VOC in the top cell is worse 

than in the reference homojunction. Having a thin base layer, 

the top junction of the HBTSC behaves like a short diode which 

has not been passivated, which compares badly to a long diode 

with the same material parameters. In the case of the bottom 

junction, we see that the non-optimal HBTSC design has been 

beneficial, because the base component to the dark current is 

smaller than in a GaAs homojunction. However, the total 

balance when both junctions are considered is negative for the 

non-optimal HBTSC. Having allowed carrier injection comes 

at the cost of a decrease in efficiency with respect to the 

conventional double-junction design. Nevertheless, it has to be 

noted that the total efficiency loss is marginal, from 31.92 % in 

the long diode case to 31.80 % in the non-optimized HBTSC. 

Such a small decrease is striking if we take into account that the 

base thickness in this non-optimized example is extremely low 
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(50 nm) and the doping level quite low (1  1017 cm-3). This 

illustrates that the HBTSC design is very robust with respect to 

carrier injection, provided that the band-gap energy of the base 

material is equal or greater than of the emitter material. 

V. CONCLUSION 

Using a simple drift-diffusion model with parameters 

representative of III-V materials, we have shown that the 

penalty that can be expected from the compact structure of the 

HBTSC is a voltage loss (dark current increase) in the top cell 

if the design is not optimized. This voltage loss is related to the 

injection of carriers from the emitter into the base. If the carriers 

reach the collector (long minority carrier diffusion length in the 

base), the performance of the bottom junction can be marginally 

improved. However, the overall balance between degradation 

of the top cell and improvement of the bottom cell is always 

negative for the ideal devices studied here when carrier 

injection is possible. Therefore, maximum efficiency can only 

be achieved when that affect is eliminated. 

Further indications are given about the suitable base 

parameter space to design an efficient III-V semiconductor 

HBTSC. In general, it is found that increasing the band-gap 

energy, the doping concentration and/or the minority carrier 

diffusion length in the base reduces carrier injection and 

improves the overall performance. Some combinations of those 

parameters are feasible from the point of view of III-V material 

technology. In particular, it is found that, if the material in the 

base has a sufficiently high band-gap energy (above 2.1 eV), 

carrier injection is eliminated independently of all other base 

parameters, and specifically, independently of having a thin 

base layer. In fact, our calculations show that with that band-

gap energy carrier injection is negligible even for a base as thin 

as 50 nm. This implies that the HBTSC concept is compatible 

with compact, thin-film and cost-effective technologies. 
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VII. ANNEX 

We summarize in Table III the equations used in this work. 

The first four are definitions and the rest constitute the 

theoretical model. They are the solution to the system of current 

drift-diffusion equations, continuity equations and the Poisson 

equation when they are applied to the emitter, base and 

collector. We have assumed that all regions are electrically 

long. k is the Boltzmann constant and T the absolute 

temperature. The derivation of this model can be found in texts 

where the BJT is explained in detail, such as [22]. 

 

 

TABLE III 
EQUATIONS OF THE DRIFT-DIFFUSION MODEL 

𝑃𝑂𝐸(𝐶) =
𝑛𝑖𝐸(𝐶)

2

𝑁𝐷,𝐸(𝐶)
  ,  𝑛𝑂𝐵 =

𝑛𝑖𝐵
2

𝑁𝐷𝐵
 (1) 

𝑛𝑖
2 ∝ 𝑒𝑥𝑝 (

−𝐸𝐺

𝑘𝑇
)  (2) 

𝐷𝑋 =
𝑘𝑇

𝑒
µ𝑋 

(3) 

𝐹(𝑉) = exp (
𝑒𝑉

𝑘𝑇
) − 1 

(4) 

𝐽𝐸𝑛(𝑉𝐵𝐸 , 𝑉𝐵𝐶) =
𝑒𝐷𝐵𝑛0𝐵
𝐿𝐵

[(coth(
𝑊𝐵

𝐿𝐵
) ∙ 𝐹(𝑉𝐵𝐸)) − (

1

sinh(𝑊𝐵 𝐿𝐵⁄ )
∙ 𝐹(𝑉𝐵𝐶))] 

(5) 

𝐽𝐸𝑝(𝑉𝐵𝐸) =
𝑒𝐷𝐸𝑃𝑂𝐸
𝐿𝐸

𝐹(𝑉𝐵𝐸) 
(6) 

𝐽𝐸 = 𝐽𝐸𝑛 + 𝐽𝐸𝑝 = 𝐽0
𝑡𝑜𝑝

 (7) 

𝐽𝐶𝑛(𝑉𝐵𝐸 , 𝑉𝐵𝐶) =
𝑒𝐷𝐵𝑛0𝐵
𝐿𝐵

[(
1

sinh(𝑊𝐵 𝐿𝐵⁄ )
∙ 𝐹(𝑉𝐵𝐸)) − (coth(

𝑊𝐵

𝐿𝐵
) ∙ 𝐹(𝑉𝐵𝐶))] 

(8) 

𝐽𝐶𝑝(𝑉𝐵𝐶) = −
𝑒𝐷𝐶𝑃𝑂𝐶
𝐿𝐶

𝐹(𝑉𝐵𝐶) 
(9) 

𝐽𝐶 = 𝐽𝐶𝑛 + 𝐽𝐶𝑝 = −𝐽0
𝑏𝑜𝑡 (10) 

𝐽𝐵 = 𝐽𝐸 + 𝐽𝐶 (11) 

  

  

 




