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ABSTRACT 

CdTe/MgCdTe double heterostructures (DHs) integrated with a heavily-doped a-Si:H 

layer as the hole contact was demonstrated a record open-circuit voltage (VOC) of 1.11 V 

and an active-area efficiency of 20% in 2016. Despite this significant progress, some of the 

underlying device physics has not been fully understood. The first part of this dissertation 

reports a systematic study of the CdTe/MgCdTe DH devices. 

The CdTe/MgCdTe DHs are grown on InSb(001) substrates. The vertical transport 

mechanisms across the CdTe and InSb heterovalent interface are investigated with N-

CdTe/n-InSb and N-CdTe/p-InSb heterostructures. A transport model including tunneling 

through CdTe barrier and InSb interband transition is developed to explain the different 

temperature dependent current-voltage characteristics of these two heterostructures. 

Different p-type layers are integrated with the CdTe/MgCdTe DHs to form solar cells 

with different VOC values and efficiencies. The low VOC of devices with ZnTe:Cu and 

ZnTe:As hole contacts is attributed to the low built-in voltage and reduced minority carrier 

lifetime in the CdTe absorber, respectively. The critical requirements for reaching high VOC 

values are analyzed. 

A novel epitaxial lift-off technology for monocrystalline CdTe is developed using a 

water-soluble and nearly lattice-matched MgTe sacrificial layer grown on InSb substrate. 

The freestanding CdTe/MgCdTe DH thin films obtained from the lift-off process show 

improved optical performance due to enhanced light extraction efficiency and photo-

recycling effect. This technology enables the possible development of monocrystalline 

CdTe thin-film solar cells and 1.7/1.1-eV MgCdTe/Si or MgCdTe/Cu(InGa)Se2 tandem 

solar cells. The monocrystalline CdTe thin-film solar cells and 1.7-eV MgCdTe DH solar 
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cells have been demonstrated with a power conversion efficiency of 9.8% and an active-

area efficiency as high as 15.2%, respectively. Additionally, a study of the radiation effects 

on CdTe DHs under 68-MeV proton irradiation is performed and showed their superior 

radiation tolerance. All these findings indicate that the monocrystalline CdTe thin-film 

solar cells are reasonably expected to have low weight, high-efficiency and high power 

density, ideal for space applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 Why Solar? 

Global warming is happening, with the consequences of sea levels rising, loss of 

biodiversity and ocean acidification. To achieve carbon neutrality by mid-21st century is 

thus proposed to attack climate change, fix global environment and re-engineer economies. 

This target is also laid down in the Paris agreement signed by 195 countries. The United 

States, Japan and more than 110 countries have committed for carbon neutrality by 2050. 

China has pledged to get there before 2060. 

The use of renewable energy is one of the most efficient ways to reduce the carbon 

footprint. Photovoltaics (PV), by converting solar energy into electricity, promises to have 

a prominent role in the ongoing energy transition, with a rapid growth in global cumulative 

PV capacity and lower levelized cost of energy (LCOE) than conventional fossil fuel 

generators throughout most of the world [1]. Fig. 1.1 shows the increasement of global 

annual and cumulative PV installation capacity in the last 10 years [2]. The PV technology 

would play bigger and bigger impacts for the entire world. 

 

PV also plays a very critical role in the space applications. Space assets have 

electronics ICs as its brain, photodetectors and other sensors as its eyes and ears, and LEDs 

and lasers as its nerves systems and arms for communication and direct energy delivery. 

All these are powered by solar energy generated by solar cells. The development of low 

weight, high power-density and radiation-robust solar cells would help to reduce launching 

cost and enable the exploration of the universe.  
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(b) 

(a) 

Figure 1.1 (a) Annual PV installations and (b) Cumulative PV installations from 2010 

to 2020 all around the world [2]. 
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1.2 CdTe/MgCdTe Double Heterostructures 

CdTe is a good candidate for solar cell applications since it has a near optimum, 1.5-

eV bandgap and a high absorption coefficient near the band edge. The CdTe/MgCdTe 

double heterostructure (DH) design is originally inspired by GaAs/AlGaAs DHs, which 

demonstrated very low interface recombination velocities and near-unity internal quantum 

efficiencies [3–5]. The interface recombination velocity of a high quality 

GaAs/Al0.5Ga0.5As interface has been demonstrated to be as low as 18 cm/s [6], whereas 

the surface recombination velocity of a GaAs free surface is on the order of 107 cm/s [7]. 

Following the similar idea, since MgTe is relatively close lattice-matched to CdTe and 

InSb, and has a much wider band gap than CdTe with type-I band alignment [8], MgCdTe 

barrier is promising to provide sufficient carrier confinement and consequent low interface 

recombination for CdTe. Due to the high cost and small size of CdTe substrates, InSb(001) 

substrates are chosen because they are less expensive and have lower defect density, in 

comparison with CdTe substrates. Additionally, the surface oxide layer on the InSb 

substrates can be easily removed in a III-V MBE growth chamber. Therefore, 

Figure 1.2 Sample structure and schematic band alignment for CdTe/MgCdTe double 

heterostructures. The solid and open circles represent excess electrons and holes 

respectively under illumination. Different recombination processes are also shown. 
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CdTe/MgCdTe DHs with tunable MgCdTe barrier heights are grown on InSb substrates 

for solar cell studies. The sample structure and schematic band alignment of CdTe DHs are 

shown in Fig. 1.2. Different recombination processes are also listed. 

1.2.1 MBE Growth on InSb Substrate 

The CdTe/MgCdTe DH samples are grown by using a dual-chamber VG V80H 

molecular beam epitaxy (MBE) system equipped with two separate III-V and II-VI growth 

chambers and an ultrahigh vacuum (UHV) transfer chamber as shown in Fig. 1.2. After 

growing InSb buffer layers on InSb substrates in the III-V growth chamber, samples are 

then transferred to the II-VI growth chamber to grow CdTe DHs. More detailed growth 

parameters can be found in previous publication [9].  

M. DiNezza et al. demonstrated a CdTe/MgCdTe DH grown on an InSb substrate 

featuring a 1-µm-thick CdTe absorber sandwiched by two 30-nm-thick Mg0.18Cd0.82Te 

barriers, and an undoped 1.57-µm-thick CdTe single layer grown on InSb. Room-

temperature steady-state photoluminescence (PL) was conducted to characterize the optical 

Figure 1.3 The lay-out of the dual chamber MBE system. The III-V and II-VI 

chambers are connected by a preparation chamber, allowing samples to be transferred 

under ultra-high vacuum. 
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performance of the two CdTe samples. The CdTe DH sample exhibited over three orders 

of magnitude higher PL intensity compared with the CdTe bulk sample under the same 

excitation density. This comparison shows that the MgCdTe barriers provide successful 

carrier confinement and effectively reduce both surface recombination and transport of 

photogenerated carriers to the narrow gap (0.17 eV) InSb buffer layer. 

M. DiNezza et al. designed another experiment to further demonstrate the 

effectiveness of MgCdTe barrier in confining carriers [10]. The result is shown in Fig. 1.4. 

All three samples, consist of a CdTe DH, and two single heterostructures, feature 30-nm-

thick Mg0.24Cd0.76Te barrier and a 1-μm-thick CdTe absorber. A 532 nm laser was used 

and the penetration depth in CdTe is 0.13 μm. The PL characterization showed that 

removing the bottom barrier reduces the PL intensity by a factor of 5, indicating that a 

significant number of carriers diffuse to the InSb layer and recombine non-radiatively or 

emit infrared light. Even more dramatic is the 3 order of magnitude reduction in PL 

Figure 1.4 Comparison of photoluminescence spectra for the CdTe/MgCdTe double and 

single heterostructure samples, along with their schematic band edge diagrams showing 

the various recombination mechanisms [10].  
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intensity for the sample without the top barrier. It can therefore be concluded that CdTe 

free surface recombination is the dominant mechanism when no top barrier exists. These 

results showed effectiveness of MgCdTe barrier layers to confine carriers and the 

importance of the top barrier to significantly suppress surface or interface recombination. 

1.2.2 Interface Recombination Velocity 

To quantitatively evaluate the interface recombination velocity (IRV) of the CdTe 

DHs, X.-H. Zhao, L. Shi et al. designed a series of DH samples with varied CdTe absorber 

thickness, top MgCdTe barrier thickness and Mg composition. The sample structures and 

different recombination mechanisms are shown in Fig. 1.2. The effective minority carrier 

lifetime τeff for a CdTe/MgCdTe DH can be expressed as [11]: 

                              
1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑛𝑟
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑆𝑅𝐻
+

2𝑆𝑒𝑓𝑓

𝑑
 (1.1) 

assuming low-injection situation where Auger recombination is negligible and the excess 

carriers distribute uniformly in CdTe absorber due to the long diffusion length of minority 

carriers. Here, 𝜏𝑟𝑎𝑑 is radiative recombination lifetime, 𝜏𝑛𝑟 is non-radiative recombination 

lifetime,  𝜏𝑆𝑅𝐻  is Shockley-Read-Hall (SRH) recombination lifetime, 𝑆𝑒𝑓𝑓  is CdTe DH 

effective interface recombination velocity, and 𝑑  is the CdTe absorber thickness. The 

effective interface recombination includes the recombination happens at the interface 

between CdTe absorber and top MgCdTe barrier, the CdTe/InSb interface and the CdTe 

free surface. The latter two processes are due to the carriers that overcome the barriers 

through thermionic emission or tunneling. The radiative recombination lifetime 𝜏𝑟𝑎𝑑 can 

be calculated as [12]: 

                                                           𝜏𝑟𝑎𝑑 =
1

(1−𝛾)𝐵𝑛
 (1.2) 
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where 𝐵 is the radiative recombination coefficient, 𝑛 is the carrier concentration including 

background doping and excess carrier concentration, and 𝛾 is the photon recycling factor 

defined as the percentage of photons created by radiative recombination that are reabsorbed 

within the sample [13]. Since the photon recycling factor depends on the thickness and 

absorption coefficients of the absorber, in order to extract the effective interface 

recombination velocity 𝑆𝑒𝑓𝑓 more accurately, radiative lifetime has to be estimated and 

subtracted from the effective lifetime as: 

                                         
1

𝜏𝑛𝑟
=

1

𝜏𝑒𝑓𝑓
− (1 − 𝛾)𝐵𝑛 =

1

𝜏𝑆𝑅𝐻
+

2𝑆𝑒𝑓𝑓

𝑑
 (1.3) 

Since the 𝜏𝑆𝑅𝐻  is absorber-thickness-independent, the 𝑆𝑒𝑓𝑓  can be determined by a 

linear fitting of  
1

𝜏𝑛𝑟
 versus 

2

𝑑
. The 𝛾 can be calculated by using ray-tracing method [14] and 

𝐵 was determined previously from excitation-intensity-dependent PL measurements [15]. 

Carrier concentration was assumed to be 1014 ~ 1015 cm-3 range based on the capacitance-

voltage measurements [16].  

Table 1.1 shows the measured effective carrier lifetime and extracted IRV for all 

CdTe/MgxCd1–xTe DH samples studied [17]. For each set of samples, the effective carrier 

lifetime increases as a function of the thickness of the CdTe absorber, which implies a 

reduced equivalent interface recombination as the CdTe layer gets thicker. For the samples 

with sufficient MgCdTe barrier thickness (≥ 20 nm), the effective IRV increases 

significantly with lower Mg composition barriers, indicating the dominating carrier loss 

mechanism is attributed to thermionic emission of excess carriers over MgCdTe barriers. 

For samples with thinner barriers (15 nm), but still with high Mg composition (46%), the 

effective IRV is mainly attributed to the excess carriers tunneling through the barrier layers. 

When both thermionic emission and tunneling effects are suppressed, an ultralow effective 



 

 
8 

IRV of ∼1 cm/s was measured at the CdTe/MgCdTe heterointerface. Such a low IRV 

indicates that the interface quality between CdTe and MgCdTe is close to perfection. 

1.2.3 Doping in CdTe Absorber 

For CdTe solar cells, highly doped CdTe absorber is preferred to achieve a high built-

in voltage (Vbi) and open-circuit voltage (VOC). It has been found that p-type doped CdTe 

is hard to achieve. However, various studies have shown the possibility of efficient n-type 

Table 1.1 Measured carrier lifetime of CdTe/MgxCd1-xTe double heterostructures with 

different designs. The effective interface recombination velocity (Seff) is extracted 

according to Eq. (1.3) [17]. 

MgxCd1-xTe Barrier 
Sample 

# 
d (μm) τeff (μs) 

Seff  

(cm/s) 

t = 30 nm, 24% Mg 

1 0.3 0.031 

470±40 
2 0.5 0.042 

3 1 0.086 

4 2 0.18 

t = 30 nm, 36% Mg 

5 0.2 0.24 

54±32 6 0.33 0.28 

7 0.5 1.1 

t = 30 nm, 46% Mg 

8 0.2 2.2 

1.4±0.6 
9 0.25 2.2 

10 0.33 2.8 

11 0.5 3.6 

t = 22 nm, 46% Mg 

12 0.2 2.0 

1.2±0.7 
13 0.25 2.2 

14 0.33 2.8 

15 0.5 3.0 

t = 15 nm, 46% Mg 

16 0.2 0.18 

30±10 

17 0.25 0.31 

18 0.33 0.47 

19 0.5 0.83 

20 1 0.75 

t = 20 nm, 36% Mg 

21 0.25 0.15 

61±14 
22 0.33 0.18 

23 0.5 0.30 

24 1 0.40 
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doping in CdTe by using In, grown by MBE [18–20]. Therefore, CdTe/MgCdTe DHs 

doped with In were demonstrated for solar cell studies.   

The doping vs. carrier concentrations was first studied. The carrier concentration in a 

semiconductor may not be necessarily equal to the doping concentration, as the dopants 

can be compensated by the other type of dopants or defects. Secondary Ion-Mass 

Spectroscopy (SIMS) and Capacitance-Voltage (CV) measurements were used to 

determine the doping and carrier concentrations, respectively. More experimental details 

can be found in the previous publication [16]. The Fig. 1.5 shows the relationship of carrier 

concentration vs. In doping concentration in the CdTe absorber. For the samples with In 

doping concentrations from 1×1016 to 1×1018 cm-3, the carrier concentration is almost the 

same as the doping concentration, indicating the nearly 100% ionization at the room 

temperature. For the samples with the doping concentration higher than 1×1018 cm-3, the 

carrier concentration deviates the linear relationship with doping concentration and then 

Figure 1.5 Carrier concentration versus In doping concentration in the CdTe layer [16]. 

The doping concentration and carrier concentration are determined by Secondary Ion-

Mass Spectroscopy (SIMS) and Capacitance-Voltage (CV) measurements, respectively. 
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reduces dramatically. This behavior indicates strong compensation in the CdTe absorber at 

higher doping levels. It was mentioned that Cd over pressure during the CdTe layer growth 

is favorable for the activation of In dopants, since it prevents the formation of Cd vacancies 

(p-type) when In is present [21]. Based on our observation, it is possible that below1×1018 

cm−3 doping level, Cd/Te flux ratio of 1.5 is enough for the effective activation of In; 

however, beyond that doping level, higher Cd/Te flux ratio may be needed. 

The optical properties of the CdTe/MgCdTe DHs were also studied with different In 

doping concentrations. Room temperature steady-state PL (SSPL) and time-solved PL 

(TRPL) measurements were conducted on In-doped CdTe/Mg0.46Cd0.54Te DHs with 

different doping concentrations. Fig. 1.6 summaries the minority carrier lifetimes extracted 

from TRPL and SSPL peak intensities as a function of carrier concentrations.  

As shown in equation (1.1) and (1.2), the radiative recombination lifetime would 

decrease with the increased carrier concentration, leading to a decreased effective carrier 

Figure 1.6 Carrier lifetime and PL peak intensity of CdTe/Mg0.46Cd0.54Te DHs versus 

carrier concentration in CdTe layer [16]. 
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lifetime. When the PL excitation is fixed, the PL intensity is proportional to the internal 

quantum efficiency (IQE), which is defined as the ratio of the radiative recombination rate 

(Rrad) to the total recombination rate (Rtotal) inside CdTe, as shown in equation (1.4). 

                            𝜂𝑖𝑛𝑡 =
𝑅𝑟𝑎𝑑

𝑅𝑡𝑜𝑡𝑎𝑙
=

𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑+𝑅𝑛𝑜𝑛−𝑟𝑎𝑑
=

𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑+𝑅𝑆𝑅𝐻,𝑏+𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
 (1.4) 

Besides the radiative recombination, the bulk SRH recombination is related to the 

quality of CdTe. The interface recombination is not only related to the interface quality but 

to the band bending at the CdTe/Mg0.46Cd0.54Te interface region as well. With higher n-

type doping concentrations, the band bending is stronger at the interface, and it is possible 

that the minority carrier (hole) is driven away from the interface resulting reduced effective 

interface recombination. 

When the doping concentration is below 1×1017 cm-3, the PL intensity increases with 

the carrier concentration, indicating the ratio of the radiative recombination rate and the 

non-radiative recombination rates increases. When the doping concentration is above 

1×1017 cm-3, non-radiative recombination rate starts to increase faster than the radiative 

recombination rate. Thus a weaker PL intensity is observed at higher doping concentrations. 

The dramatic increase in non-radiative recombination may be due to the formation of In-

related deep defect states located near the middle of the bandgap. The relative constant 

carrier lifetime in the doping range of 1×1016 cm-3 ~ 1×1017 cm-3, is probably due to the 

reason that interface recombination may have decreased with stronger band bending, which 

offsets the effect of increasing bulk SRH and radiative recombination processes. 

The optical performance of these CdTe DH samples can be further quantitatively 

evaluated by photoluminescence quantum efficiency (PLQE) measurements. Considering 

the complementary physical action of solar cells and light emitting diodes (LEDs), the 
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transformation of electrical energy into light and transformation of radiation energy into 

electricity, a reciprocity relation between PLQE and electroluminescent emission of solar 

cells can be connected based on detailed balance theory as [22,23]: 

                                        𝑖𝑉𝑂𝐶 = 𝑉𝑂𝐶−𝑖𝑑𝑒𝑎𝑙 −
𝑘𝑇

𝑞
l n(|𝜂𝑒𝑥𝑡|) (1.5) 

where 𝑖𝑉𝑂𝐶  is the implied open-circuit voltage of a solar cell, or the quasi-fermi-level 

splitting in the absorber, 𝑉𝑂𝐶−𝑖𝑑𝑒𝑎𝑙 is the detailed-balance open-circuit voltage (VOC) when 

only radiative recombination exists, 𝜂𝑒𝑥𝑡  is the PLQE measured from the front surface 

since the reciprocal action, light absorption, only happens at the front surface for the solar 

cells we discussed in this dissertation. 

The PLQE measurement setup is shown in Fig. 1.7. By using a Spectralon Lambertian 

reflector with calibrated reflectance as a reference, the PL from the CdTe DH samples at 

exactly the same position can be quantitatively calculated. More details about the setup and 

measurement procedure can be found in the previous publication [24]. The measurement 

results are summarized in Table 1.2. The In doping concentration of 1×1017 cm-3 gave the 

highest iVOC of 1.13 V under one-sun condition, which also indicates the promising 

Figure 1.7 Photoluminescence Quantum Efficiency measurement setup [24]. (left) shows 

the measurement of a Lambertian reflector with calibrated reflectance. (right) shows the 

measurement of a CdTe/MgCdTe DH sample. 
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applications in high efficiency solar cells. Such a high iVOC is due to the ultralow effective 

interface recombination velocity and the optimized trade-off of high doping concentration 

and relatively low bulk SRH recombination rate. 

1.2.4 “Remote Junction” CdTe DH solar cells 

Based on the CdTe/MgCdTe DHs with ultralow IRV and high iVOC, a “remote junction” 

concept has been proposed and used to demonstrate CdTe/MgCdTe DH solar cells with 

record high VOC [25,26]. The basic idea of the remote junction design is shown in Fig. 1.8, 

in which unintentionally-doped intrinsic and n-type MgCdTe layers are used as the barriers 

for holes and electrons, and p-type a-Si:H is used as hole contact layer respectively. The 

intrinsic MgCdTe barrier prevents electrons to reach the pn junction and the defective p-

region so that nonradiative recombination at the interface and in the bulk is substantially 

reduced. Since the quality of “remote” hole contact layers and the interfaces between hole 

contacts and the MgCdTe barrier layers make little impact on the performance of the solar 

Table 1.2 Measured minority carrier lifetime, photoluminescence quantum efficiency 

and calculated implied VOC for CdTe/Mg0.46Cd0.54Te DHs with different doping 

concentrations [24]. 

CdTe Absorber Doping 

Concentration (cm-3) 
τeff (ns) ηext (%) at 1 sun iVOC (V)  

Unintentionally doped 730 0.68 1.09 

1×1016 110 1.2 1.11 

6×1016 110 2.3 1.12 

1×1017 75 3.1 1.13 

6×1017 6 0.65 1.09 

1×1018 7 0.10 1.04 
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cells, such a “remote junction” structure offers an opportunity to use heavily-doped hole 

contacts on the CdTe devices to improve the built-in voltage (Vbi) while simultaneously 

maintaining the long minority carrier lifetime in the absorber.  

Based on this concept, a CdTe/MgCdTe DH solar cell with an a-Si:H hole contact was 

demonstrated with VOC over 1 V and efficiency of 17% [25]. The sample structure is shown 

in Fig. 1.9 (a). The 1.4-µm-thick absorber is In-doped with concentration of 1 × 1016 cm-3 

for the top 1 µm and 5 × 1017 cm-3 for the bottom 0.4 µm. The solar cell structure was 

further optimized, as shown in Fig. 1.9 (b), with a thicker and higher i-MgCdTe barrier and 

an extra SiOx anti-reflection coating (ARC) layer. The design and optimization of ARC is 

discussed in W.-Q. Yang’s paper [27]. The optimized CdTe DH solar cell achieved a VOC 

of 1.1 V and an active-area efficiency of 20.3% measured under AM1.5G illumination [26]. 

More details about device mesa design and design logic can be found in J. J. Becker’s 

dissertation [28]. 

Figure 1.8 Band diagram of “remote junction” design [25], which is CdTe/MgCdTe DH 

solar cell with a p-type hole contact. 
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Based on the previous studies [17,25,26], thicker and higher Mg composition of i-

MgCdTe layer would suppress the tunneling and thermionic emission of electrons, reduce 

the a-Si/i-MgCdTe interface recombination velocity and finally increase the VOC of the 

solar cells. However, there’s a trade-off of carrier transport and carrier confinement for the 

i-MgCdTe layer. The increased Mg composition in i-MgCdTe layer would also increase 

the valence band offset between i-MgCdTe and CdTe absorber, which would block the 

hole transport through thermionic emission and reduce the fill factor (FF) of the solar cells.  

 

1.3 Organization of the Dissertation 

This dissertation contains two parts. The first part is the systematic study of the 

monocrystalline CdTe DH solar cells, as discussed in Chapter 1 – 3.  

Figure 1.9 (a) Layer structure of CdTe/MgCdTe DH solar cells with VOC over 1 V and 

efficiency of 17% [25]. (b) Optimized layer structure of CdTe DH solar cells with VOC of 

up to 1.11 V and efficiency of 20.3% [26].  
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Chapter 1 reviews the previous studies of CdTe/MgCdTe DHs and the “remote 

junction” design for CdTe DH solar cells. Some of the mentioned characterization method, 

formulas and conclusions will be directly used in the following chapters.  

Chapter 2 studies the vertical carrier transport across CdTe and InSb heterovalent 

interface. The N-CdTe/n-InSb heterojunction is the electron contact of the CdTe DH solar 

cells. Understanding the transport mechanisms of the electron contact promises the good 

electrical performance of the CdTe devices grown on InSb substrates.  

Chapter 3 gives an explanation that why different hole contacts led different values of 

VOC and efficiencies based on the “remote junction” solar cell structure. This chapter also 

gives a guide to the selection of hole contacts for CdTe DHs. 

The second part of this dissertation is the thin-film and tandem applications of the 

CdTe DHs based on a novel ELO technology. 

Chapter 4 introduces this ELO technology for CdTe material using a nearly lattice-

matched and water-soluble MgTe sacrificial layer grown on InSb substrates. The 

freestanding CdTe DH thin films are obtained with the enhanced optical performance. A 

fabricated monocrystalline CdTe thin-film solar cell demonstrates a power conversion 

efficiency of 9.8%. 

This ELO technology also enables the fabrication of 1.7/1.1-eV MgCdTe/Si or 

MgCdTe/CIGS tandem solar cells. Chapter 5 demonstrates a monocrystalline 1.7-eV 

MgCdTe solar cells with an active-area efficiency as high as 15.2%. Loss analysis of VOC 

and JSC is discussed. 
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Chapter 6 reports the proton radiation study for the CdTe DHs. The CdTe DHs show 

superior radiation hardness, indicating the monocrystalline CdTe thin-film solar cells with 

light weight, high-efficiency and high power density are ideal for space applications. 

Finally, the conclusion and outlook of the present work are included in Chapter 7. 
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CHAPTER 2 

TRANSPORT ACROSS CDTE/INSB HETEROVALENT INTERFACE 

II-VI/III-V heterovalent structures have attracted considerable attention due to the 

unique physical properties at their interfaces and viability of their use in monolithically-

integrated electronic and optoelectronic devices. The CdTe/InSb material system is 

particularly interesting due to the close lattice match (Δa/a < 0.05% at 25 ℃) which allows 

high quality CdTe layers with very low defect density to be grown on large area InSb 

substrates [29], and possible applications including solar cells, multiple-quantum-well 

lasers [30], multicolor photodetectors [31] and HEMT structures with exceptionally high 

electron mobilities [32]. Some of the applications take advantage of the bandgap of CdTe 

and InSb while other applications utilize the unique properties at the CdTe/InSb interface. 

One of the applications of the CdTe/InSb system is in CdTe solar cells grown on InSb 

substrates, as discussed in Chapter 1. Even though previous experimental results indicated 

that there is very small resistance between a CdTe/MgCdTe DH and InSb substrate, the 

interfacial composition profile and transport processes are still relatively unclear. A better 

understanding of the nature of transport across the CdTe/InSb heterovalent interface not 

only helps to fully understand the junction between CdTe/MgCdTe DHs and InSb 

substrates but also reveals the unique physical properties of the II-VI/III-V heterovalent 

interface. 
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2.1 Characterizations of CdTe/InSb Heterojunction and Heterovalent Interface 

Two samples, N-CdTe/n-InSb and N-CdTe/p-InSb heterojunctions, as shown in Fig. 

2.1, are grown on commercially-obtained n-type single crystal InSb(001) substrates (doped 

with Te at ~51017 atoms/cm3). CdTe layers are doped n-type with indium (In) at ~ 11018 

cm-3 and InSb layers are doped n-type (p-type) with Te (Be) at ~51018 cm-3 (11019 cm-

3). The InSb and CdTe epitaxial growth processes are performed in a dual-chamber 

molecular beam epitaxy system which consists of separate II–VI and III–V growth 

chambers connected by an ultrahigh vacuum (UHV) preparation chamber. The InSb buffer 

layer and doped InSb layer are grown in the III-V growth chamber and samples are then 

transferred to the II-VI growth chamber to grow CdTe layers. Detailed growth conditions 

have been reported previously [9]. 

The indium out-diffusion from the InSb layer to the CdTe layer is examined by 

Secondary Ion Mass Spectrometer (SIMS) measurements carried out at Evans Analytical 

Group. The indium out-diffusion profiles in N-CdTe/n-InSb and N-CdTe/p-InSb 
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Figure 2.1 Schematic layer structure of N-CdTe/n-InSb (left) and N-CdTe/p-InSb (right). 
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heterojunctions are illustrated in Fig. 2.2. For both N-n and N-p samples, there is obvious 

indium out-diffusion across CdTe/InSb interface. Based on the indium atom density, a 

Figure 2.2 Dopant profiles of N-CdTe/n-InSb (left) and N-CdTe/p-InSb (right) 

heterojunctions. An obvious higher In doping density in CdTe side near the interface is 

observed for two samples. 

                                                                                                                                                                           

Figure 2.3 (a) High-resolution (004) XRD profiles of N-CdTe/n-InSb (left top) and N-

CdTe/p-InSb (left bottom). (b) Aberration-corrected bright field STEM image and (c) 

chemically sensitive g002 dark-field TEM image of CdTe/InSb heterojunctions [33]. 

 

(a) (b)

(c)
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rough estimation is given that the doping density of the CdTe layer near the interface is 

five times larger than that of bulk region. This phenomenon increases the effective doping 

density near the interface, and further increases the built-in electric field at the interface. 

High-resolution X-ray diffraction (HRXRD) measurements are performed to examine 

the crystalline quality of the two samples, as shown in Fig. 2.3 (a), HRXRD measurements 

indicate the high crystalline order of CdTe and InSb layers with two sharp, narrow peaks 

corresponding to the CdTe and InSb lattice constants. An aberration-corrected bright field 

STEM image, illustrated in Fig. 2.3 (b), and a chemically-sensitive g002 dark-field TEM 

image, shown in Fig. 2.3 (c), demonstrate a coherent and defect-free CdTe/InSb interface, 

and the clear boundary at the CdTe/InSb interface, respectively [33].  

Unintentional-doped CdTe/InSb heterojunction samples are characterized by 

Monochromatic X-ray photo-emission spectroscopy (XPS) and ultraviolet photoemission 

spectroscopy (UPS) [34]. From the results, In-Te bonding is observed at the interface, as 

shown in Fig. 2.4 (a). The “III-VI” bond formation is not only present in the CdTe/InSb 

system. It is a general tendency to form III-VI bonds at a II-VI/III-V interface. Other 

material systems, like GaAs/ZnSe, GaSb/ZnTe, CdS/InP and AlSb/ZnTe [35–38], have 

Figure 2.4 (a) In-Te bonds at the interface of CdTe/InSb heterojunctions. (b) Schematic 

band alignment of unintentional-doped CdTe/InSb heterojunctions [34]. 
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reported the formation of III-VI bonds at their interfaces. Then, in a single “III-VI” bond, 

there are nine valence electrons. Eight electrons form a stable structure and the one excess 

electron can move freely. Due to the lower potential energy of the InSb side, the excess 

electrons would flow to the InSb side and accumulate. Thus, a downward band bending at 

the InSb side near the interface would appear. XPS and UPS results showed that a 0.2eV 

downward band bending exists at the InSb side. 0.89eV valence band-offset between 

unintentional-doped CdTe and InSb is observed. The schematic band alignment of 

unintentional-doped CdTe/InSb sample is shown in Fig. 2.4 (b). The XPS and UPS 

measurements demonstrated accurate band-offset information. However, the band diagram 

of the N-CdTe/n-InSb and N-CdTe/p-InSb are still unclear. With additional information 

provided by electron affinity values for CdTe and InSb, a schematic band diagram of N-n 

and N-p CdTe/InSb heterojunctions is plotted, as shown in Fig. 7. For doped CdTe/InSb 

heterojunctions, there are four main points to be noted: 

1) A potential barrier on the CdTe side 

2) A ~1.5 nm In-Te interfacial layer 

3) Downward band bending on the InSb side 

4) An inversion region on p-InSb side 

Due to the smaller electron affinity of CdTe compared with InSb, there is a potential 

barrier at CdTe side in a CdTe/InSb heterojunction. There is also an In-Te interfacial layer 

at the interface, acting as barrier as well. Thus, an effective barrier consisting of a CdTe 

barrier and an In-Te interfacial layer is introduced in the transport analysis. As discussed 

above, downward band bending at the InSb side, caused by accumulated electrons, is at 
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least 0.2 eV. Compared with the 0.17 eV bandgap of InSb, the 0.2 eV downward band 

bending would cause an inversion region at the p-InSb side.  

 

2.2 Measurement of Temperature-Dependent J-V Characteristics 

To investigate the transport properties, devices are processed from the doped 

CdTe/InSb heterojunctions. The device structures are shown in Fig. 2.6. For both devices, 

the CdTe layer and part of InSb layer are etched, and the mesa size is 0.2 mm  0.2 mm. 

In is deposited on the top surface of CdTe as the top contact. the bottom contact is Ti/Pt/Au, 

Figure 2.6 Device structures of the N-CdTe/n-InSb and N-InSb/p-InSb 

heterojunctions. 

N-CdTe n-InSb N-CdTe p-InSb 

Figure 2.5 Schematic band diagrams of (a) N-CdTe/n-InSb heterojunction and (b) N-

CdTe/p-InSb heterojunctions. 

 

(a) (b) 
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depositing on the surface of InSb layers. During the measurements, the current is forced to 

flow through the p-InSb (n-InSb) layer to the n-CdTe layer. TLM patterns reveal the 

contact resistance of the In/n-CdTe is 1.2×10-4 Ω∙cm2. The contact resistance of Ti/Pt/Au/n-

InSb is 1.1 ×10-6 Ω∙cm2 and the resistance of Ti/Pt/Au/p-InSb is 6.9 ×10-5 Ω∙cm2. The 

resistances of all these contacts are small enough to take accurate current-voltage (J-V) 

measurements of the CdTe/InSb heterojunctions.  

The J-V measurements are carried out in a cryogenic probe station. The temperature 

of the substrate holder can be cooled down to 77 K by liquid nitrogen. The temperature-

dependent J-V curves are shown in Fig. 2.7. The voltage range is from -0.1 V to 0.1 V and 

the current density range is -20 A/cm2 to 20 A/cm2. First, all the J-V curves of N-n junction 

and N-p junction show ohmic behavior at different temperatures, which indicates the 

Figure 2.7 (a) Temperature-dependent J-V characterization of N-CdTe/n-InSb and N-

CdTe/p-InSb heterojunctions. (b) Resistance versus temperature of N-CdTe/n-InSb and 

(c) Resistance versus temperature of N-CdTe/p-InSb heterojunctions. 
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tunneling nature of transport across the CdTe/InSb interface. Second, the total resistance 

of the N-n junction increases with temperature while resistance of the N-p junction 

decreases with the temperature. The different trends of resistance versus temperature of N-

n and N-p junctions suggest differences in the dominant transport processes across the 

CdTe/InSb interface. 

   

2.3 Interface Transport Analysis 

For the heavily-doped N-CdTe/n-InSb heterojunction, both of the two sides are 

degenerate. The transport across the N-n heterojunction is dominated by the majority 

carrier, electrons. When the bias is applied, electrons would transport from one side, 

overcoming the CdTe barrier into the other side. The ohmic behavior of J-V characteristic 

indicates electron transport through the CdTe barrier is a tunneling process. The resistance 

of the N-CdTe/n-InSb heterojunction mainly comes from three parts: contact resistance, 

bulk resistance and interface resistance. The total resistance can be estimated from J-V 

characteristics. The contact resistance is measured from TLM patterns and the bulk 

resistance can be calculated from carrier density, mobility [39,40] and device size. Thus, 

interface resistance equals total resistance minus contact resistance and bulk resistance. 

The results, detailed in Table 2.1 below, show that interface resistance is much larger than 

contact resistance and semiconductor resistance, and as such it dominates the transport 

process in the N-CdTe/n-InSb heterojunction. 

Table 2.1 Resistance analysis for N-n device (Unit: Ω∙cm-2) 

 Total Resistance 𝜌𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝜌𝑏𝑢𝑙𝑘 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

 1 ×10-3 1.2 ×10-4 1.05 ×10-6 ~9 ×10-4 
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The increase in resistance of N-n heterojunctions as temperature increases has been 

reported previously in tunneling diodes [41,42], and is attributed to smaller thermal tails as 

the temperature drops, allowing a greater percentage of all carriers to have low enough 

energy to be within the region of band overlap and thus able to tunnel. 

For the N-CdTe/p-InSb heterojunction, according to the band diagram, there is a CdTe 

potential barrier and an inversion region at the InSb side near the interface due to the extra 

electron accumulation. Carrier transport across the CdTe side is similar to that of the N-n 

heterojunction. At the InSb side, there is a p-n junction between the n-type inversion region 

and the p-InSb. Due to the ohmic behavior of the N-p heterojunction, there are three 

possible processes in the InSb interband transport: 

1) Band-to-band tunneling 

2) Trap-assistant tunneling 

3) Generation-Recombination processes 

The schematic transport process is shown in Fig 2.8 below. Assuming a neutral center 

and a uniform electric field in the depletion region, the band-to-band tunneling (BTBT) 

current, trap-assisted tunneling (TAT) current and generation-recombination (G-R) current 

can be expressed as [43–45]: 

                                     𝐽𝐵𝑇𝐵𝑇 =
√2𝑚𝑛

∗ 𝑞3𝐸𝑉

4𝜋2ℏ2𝐸𝑔
1/2 ex p (−

4√2𝑚𝑛
∗ 𝐸𝑔

3/2

3𝑞𝐸ℏ
) (2.1) 

                   𝐽𝐵𝑇𝐵𝑇 = 𝐽𝐺−𝑅 =
𝑞𝑛𝑖𝑊

𝜏𝑒𝑓𝑓
[1 − exp (−

𝑞𝑉

2𝑘𝑇
)] ∝  

𝑞𝑛𝑖𝑊

𝜏𝑒𝑓𝑓
∙

𝑞𝑉

2𝑘𝑇
                      (2.2) 

                               𝐽𝑇𝐴𝑇 =
𝑞3𝑚𝑛

∗ 𝐸𝑀2𝑊𝑁𝑇

8𝜋ℏ3(𝐸𝑔−𝐸𝑇)
ex p (−

4√2𝑚𝑛
∗ (𝐸𝑔−𝐸𝑇)

3𝑞𝐸ℏ
) (2.3)  
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where ni is the intrinsic carrier concentration, 𝑚𝑛
∗  is the effective electron mass, q is the 

electron charge, E is the neutral region electric field, kB is the Boltzmann constant, T is the 

temperature, V is the bias voltage, W is the depletion width, 𝜏𝑒𝑓𝑓 is the effective carrier 

lifetime, Nt is the activated trap density, Et  is the trap energy location, measured from the 

valence band edge, and M2 is a matrix element associated with the trap potential, assumed 

to be 1 ×10-23 eV2 cm3. The intrinsic carrier concentration and bandgap are also dependent 

on temperature, which can be expressed as: 

                                                 𝑛𝑖(𝑇) =  √𝑁𝐶(𝑇)𝑁𝑉(𝑇) ex p (−
𝐸𝑔

2𝑘𝑇
) (2.4) 

                                                             𝐸𝑔(𝑇) =  𝐸𝑔0 −
𝛼𝑇2

𝑇+𝛽
 (2.5) 

Seen from the formulas, the temperature-dependent factor in tunneling current, 

including band-to-band tunneling and trap-assistant tunneling, only comes from bandgap 

changing, which is slightly dependent on temperature. The generation-recombination 

Figure 2.8 (a) Schematic carrier transport process of N-CdTe/p-InSb heterojunction. It can 

be divided into two processes. First one is transport across CdTe barrier and the second is 

InSb interband transport. (b) Schematic InSb interband transport processes. Yellow line 

represents band-to-band tunneling. Red line represents trap-assistant tunneling and green 

line represents generation-recombination process. 
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current is nearly proportional to the ni under small bias, which is an exponential relationship 

with temperature. Based on the formula, a current (log scale) versus 1/kT diagram is plotted, 

as shown in Fig 2.9 (a). 

 From the linear fitting of the resistance versus 1/kT diagram, the activation energy 

extracted is about 0.071 eV. Considering the bandgap narrowing effect of InSb under 

heavily doped conditions (NA=1×1019 cm-3), the bandgap of InSb is about 0.138 eV [46]. 

The activation energy is just half of the bandgap, which indicates 𝐽 ∝ ex p (−
𝐸𝑔

2𝑘𝑇
).  This is 

consistent with the G-R process, suggesting the G-R process dominates the InSb interband 

transport. In Fig 2.9 (a), the linear fitting deviates from the experimental results from 230 

K to room temperature. In other words, near room temperature, the measured resistance is 

gradually larger than the G-R resistance from InSb interband transport. The reason is 

probably that when temperature increases, CdTe barrier tunneling becomes a more and 

Figure 2.9 (a) Current density (log scale) of N-p heterojunction versus 1/kT. The black 

dots are experimental results. The red line is linear fitting. (b) Resistance of N-p 

heterojunction versus temperature. Black dots are resistance from measurement. Red line 

is resistance from InSb interband transport (G-R process). Blue line is resistance from 

CdTe barrier tunneling. 
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more important factor for the whole transport process. Fig 2.9 (b) shows the resistance of 

the G-R process and the CdTe barrier versus temperature. 
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CHAPTER 3 

CDTE DOUBLE-HETEROSTRUCTURE SOLAR CELLS WITH DIFFERENT HOLE 

CONTACTS 

 

A “remote junction” concept has been proposed and used to demonstrate 

CdTe/MgCdTe DH solar cells with record high VOC. The basic idea of the “remote junction” 

design is introduced in Section 1.2.4, in which unintentionally-doped intrinsic and n-type 

MgCdTe layers are used as the barriers for holes and electrons, respectively, and a p-type 

a-Si:H is used as hole contact. Despite success in demonstrating high VOC and efficiency, 

this design has drawbacks such as the doped a-Si:H layer has considerable parasitic light 

absorption due to the moderate bandgap (1.7 eV). Therefore, other alternative materials, 

such as ZnTe with a wider bandgap of 2.27 eV, are tested and show promise as hole 

contacts for the CdTe DH solar cells [47]. In this chapter, we present the results of an in-

depth study of the CdTe/MgCdTe DH solar cells with three different “remote junction” 

designs, which use p-type a-Si:H, ZnTe:As and ZnTe:Cu hole-contact layers [48].  

 

3.1  Device Structure and Performance 

Fig. 3.1 shows the layer structure of the studied solar cells with three different kinds 

of hole contacts using a-Si:H, ZnTe:As and ZnTe:Cu p-type layers, respectively. For CdTe 

solar cells with a-Si:H, detailed descriptions of the growth and processing is discussed in 

an earlier publication [26]. The p-type a-Si:H with estimated doping level of 1018 cm-3 is 8 

nm thick and deposited by plasma-enhanced chemical vapor deposition (PECVD). Two 

different approaches are used to create heavily doped ZnTe hole contacts. In the case of 

arsenic doping, the top 20-nm-thick p-ZnTe layer is grown in a custom-designed metal-
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organic chemical vapor deposition (MOCVD) system at 300 °C with a carrier 

concentration of 2 × 1018 cm−3 determined from Hall measurements [49]. In the case of 

copper doping, the 15-nm-thick ZnTe contact layer is grown by MBE. Then a 1-nm-thick 

layer of copper is sputtered on this layer first, where it then diffused into the ZnTe. The 

average carrier concentration is 4 × 1018 cm−3 determined by Hall measurements. More 

details can be found in previous work [47].   

 

The device performance of these three CdTe solar cells under AM1.5G illumination 

are summarized in Table 3.1. The device parameters of CdTe device with a-Si:H are 

extracted from previous work [26]. Solar cells with p-type ZnTe:As layers exhibit higher 

short-circuit current (JSC) compared with hole contacts of a-Si:H. Although the JSC is 

improved, the VOC is lower. CdTe solar cells with ZnTe:Cu hole-contact layers, show both 

lower VOC and JSC.  

Figure 3.1  Layer structure of the CdTe/MgCdTe DH solar cells with three different hole 

contacts, a-Si:H, ZnTe:As and ZnTe:Cu [27,47,49]. 
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3.2 The Maximum Achievable VOC 

3.2.1 Built-in Voltage Limited 

To determine the built-in voltage (Vbi) between p-type hole contacts and n-CdTe, 

capacitance-voltage (C-V) measurements are conducted on the three devices with different 

hole contacts. The measurement results are shown in Fig. 3.2. With a constant doping 

concentration, the capacitance is related to the applied reverse-bias voltage V through the 

formula of (the influence of i-MgCdTe thin layer is neglected) 

                                                 𝐶 = 𝐴√
𝑞𝐾𝑠𝜀𝑜𝑁𝐷

2(𝑉𝑏𝑖+𝑉)
 (3.1) 

where A is the area of the junction,  𝐾𝑠𝜀𝑜 is the dielectric constant of the semiconductor, 

and 𝑁𝐷is the donor concentration [50].  

The Vbi values determined from 1/C2-V plots are 1.20 V, 1.23 V and 0.90 V for the 

hole contacts of a-Si:H, ZnTe:As and ZnTe:Cu, respectively. The low VOC of devices with 

ZnTe:Cu is mainly due to the low Vbi across the p-ZnTe:Cu/n-CdTe junction. In contrast, 

a ZnTe:As layer offers a higher Vbi than that of ZnTe:Cu or even a-Si:H.  

Table 3.1 Maximum device parameters for various contact materials 

Parameter a-Si:H/ 

MgCdTe/CdTe 

ZnTe:As/ 

MgCdTe/CdTe 

ZnTe:Cu/ 

MgCdTe/CdTe 

JSC (mA/cm2) 24.5 25.46 19.85 

VOC (V) 1.096 0.853 0.894 

FF (%) 75.57 73.66 63.66 

η (%) 20.3 15.99 11.30 
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To further confirm the Vbi limited VOC in the devices with ZnTe:Cu hole contact,  

temperature-dependent and excitation-dependent VOC measurements of the devices are 

conducted, as shown in Fig. 3.3. The quasi-Fermi level splitting (∆𝐸𝐹) in the CdTe absorber 

under illumination can be expressed as: 

Figure 3.2 Capacitance-Voltage measurement results for CdTe solar cells with (a) a-Si:H, 

(b) ZnTe:As and (c) ZnTe:Cu hole contacts. 1/C2 – V profiles are shown on the right y-

axis. Vbi can be estimated from the intercept of 1/C2 on the x-axis. 

 

(a) 

(b) 

(c) 
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                       ∆𝐸𝐹 = 𝐸𝑔 − (𝐸𝑐 − 𝐸𝐹𝑛) − (𝐸𝐹𝑝 − 𝐸𝑉) = 𝐸𝑔 − 𝑘𝑇𝑙𝑛
𝑁𝐶𝑁𝑉

𝑛𝑛𝑝𝑛
 (3.2) 

where Eg, EC, EV, EFn and EFp represent bandgap, conduction band, valence band, electron 

quasi-Fermi level and hole quasi-Fermi level of the CdTe absorber, respectively. NC, NV, 

np and pp are effective density of state of conduction band and valence band, electron 

density and hole density in the p-type CdTe layer, respectively. Assuming the photo 

generation rate per unit volume 𝐺 is uniform across the whole absorber region, the electron 

and hole densities can be replaced by 𝐺𝜏 + 𝑛𝑖
2 𝑁𝐴⁄  and 𝐺𝜏 + 𝑁𝐴, where 𝜏, 𝑛𝑖 and 𝑁𝐴 are 

minority carrier lifetime, intrinsic carrier concentration and acceptor concentration in the 

p-type CdTe layer, respectively. When the built-in voltage (Vbi) of the solar cell is larger 

than the ∆𝐸𝐹 and no voltage is dropped on Schottky contacts, (3.2) can be revised to: 

                                                𝑉𝑜𝑐 ≈ 𝐸𝑔 − 𝑘𝑇𝑙𝑛
𝑁𝐶𝑁𝑉

𝐺𝜏(𝐺𝜏+𝑁𝐴)
  (3.3) 

Considering the 𝑁𝐶 and 𝑁𝑉 decrease with decreasing temperature [43] and the SRH 

carrier lifetime and the bandgap of CdTe increase with decreasing temperature [17,51], the 

VOC of a CdTe solar cell should increase almost linearly or with even higher increasing rate 

as temperature goes down until reaching the Vbi limit or the donors and acceptors are 

incompletely ionized. From the Fig. 3.3, the VOC of the device with the ZnTe:Cu hole 

contact  keeps increasing with decreasing temperature under low excitation. Under 1 sun 

illumination, the VOC is pinned at the 0.9 V, i.e., the Vbi with decreasing temperature. The 

VOC limitation from the temperature-dependent VOC measurement matches the low Vbi from 

the C-V measurement very well, further confirming the low Vbi limits the VOC in the CdTe 

DH solar cells with a ZnTe:Cu hole contact. 
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Based on previous studies mentioned in Section 3.1, all of the three hole contacts 

demonstrated relatively high doping concentration (> 1018 cm-3). The possible reason for 

the low Vbi of the device with ZnTe:Cu contact is that the copper atoms in the ZnTe layer 

may further diffuse into the CdTe absorber and serve as dopant. The copper diffusion 

induced doping compensation would reduce the n-type doping concentration in the CdTe 

absorber, reducing the Vbi and further limiting VOC of the device.  

For the devices with a-Si:H and ZnTe:As hole contacts, the carrier concentration of 

both p-type and n-type layers are known. The Vbi only depends on the valence band-offset 

between hole contacts and CdTe absorber (∆𝐸𝑉) and can be expressed as: 

                              𝑉𝑏𝑖 = 𝐸𝑔,𝐶𝑑𝑇𝑒 − ∆𝐸𝑉 − (𝐸𝐶𝑛 − 𝐸𝐹𝑛) − (𝐸𝐹𝑝 − 𝐸𝑉𝑝) (3.4) 

Figure 3.3 Temperature-dependent and excitation-dependent VOC measurement of the 

CdTe DH solar cells with the ZnTe:Cu hole contact. 
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where EFn, EFp are quasi-Fermi levels of electrons and holes in absorber and hole contact, 

respectively; ECn is the conduction band edge of n-type CdTe absorber and EVp is the 

valence band edge of hole contact. The schematic band diagram is shown in Fig. 3.4. 

Figure 3.4 Schematic band alignment of the CdTe/MgCdTe DH with a p-type hole 

contact. The Vbi can be determined based on the carrier concentration of n-type and p-type 

layers, bandgap of absorber and the valence band offset between hole contact and 

absorber. 
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Figure 3.5 Comparison of ZnTe/CdTe valence band offset extracted using different 

methods. 
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Based on the doping concentration of ZnTe:As, a-Si:H and CdTe absorber from the 

previous studies, and the corresponding Vbi values extracted from the C-V measurements, 

the valence band offset of ZnTe/CdTe and a-Si/CdTe are 0.113 eV and 0.121 eV, 

respectively. We further compare our valence band offset data of ZnTe/CdTe with 

published results [52–57], including X-ray photoelectron spectroscopy (XPS), angle-

resolved photoemission spectroscopy (ARPES) and first principle calculations, as shown 

in Fig. 3.5. 

3.2.2 Carrier Lifetime Limited 

The next possible factor which limits the maximum achievable VOC is minority carrier 

lifetime. If the carrier lifetime is short due to high recombination rate, the quasi-fermi-level 

splitting decreases and thus reduces the VOC.  

To determine the minority carrier lifetime, time-resolved photoluminescence (TRPL) 

measurements are conducted for the three types of devices under open circuit condition, 

and the results are plotted in Fig. 3.6. The TRPL decay time is referred to as the effective 

minority carrier lifetime. From fitting the tails of the PL decay curves, the minority carrier 

lifetime are 300 ns, 170 ns and 52 ns for devices with a-Si:H, ZnTe:As and ZnTe:Cu, 

respectively. Earlier work shows the minority carrier lifetimes in doped CdTe/MgCdTe 

DHs are on the order of hundreds of nanoseconds. After depositing hole contact of a-Si:H 

on the top of CdTe/MgCdTe DH, minority carrier lifetime maintains the same level. 

However, there are obvious degradations of minority carrier lifetime in CdTe devices with 

p-ZnTe hole contacts. Due to the large lattice mismatch of ZnTe (6.10 Å) and CdTe (6.48 

Å), it is anticipated that some misfit dislocations are generated at the ZnTe/MgCdTe 

interface and they may penetrate into the absorber region, serving as SRH recombination 
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centers and affecting the minority carrier lifetime. For devices with a-Si:H, due to the lower 

deposition temperature and amorphous condition, the defects generated by small lattice 

mismatch may not penetrate into the absorber region. Therefore, CdTe/MgCdTe DHs with 

p-type a-Si:H demonstrate longer minority carrier time and thus higher VOC compared with 

ZnTe hole contacts at the end. 

To distinguish the majority recombination process happens at the interface or in the 

bulk, temperature-dependent VOC measurements are conducted. Based on the previous 

studies, which are mentioned in Section 1.2, the radiative recombination, 𝑅𝑟𝑎𝑑 in the CdTe 

absorber, the SRH recombination in the depletion region 𝑅𝑑, in the quasi-neutral region 

𝑅𝑏  and the interface recombination 𝑅𝑖𝑛𝑡  at the p-contact/i-MgCdTe interface are 

considered as the main recombination mechanisms. The recombination at the i-MgCdTe/n-

CdTe interface is neglected due to the nearly lattice-matched and high-quality 

MgCdTe/CdTe interface [17]. Fig. 3.7 shows the band diagram of a CdTe DH device with 

Figure 3.6 Normalized time-resolved photoluminescence measurement at room 

temperature for CdTe devices with a-Si:H, ZnTe:As and ZnTe:Cu. 
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different recombination mechanisms. Each recombination rate is expressed as the product 

of a voltage-independent recombination coefficient and an exponential an exponential 

function of voltage as follows [43,58]: 

                                         𝑅𝑖𝑛𝑡 = (𝑅0
𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚 + 𝑅0

𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙)𝑒
𝑞𝑉

𝑘𝐵𝑇 (3.4a) 

                                                            𝑅𝑑 = 𝑅0
𝑑𝑒

𝑞𝑉

2𝑘𝐵𝑇 (3.4b) 

                                                            𝑅𝑏 = 𝑅0
𝑏𝑒

𝑞𝑉

𝑘𝐵𝑇 (3.4c) 

                                                         𝑅𝑟𝑎𝑑 = 𝑅0
𝑟𝑎𝑑𝑒

𝑞𝑉

𝑘𝐵𝑇 (3.4d) 

where kB is the Boltzmann constant, 𝑅0
𝑖𝑛𝑡, 𝑅0

𝑑, 𝑅0
𝑏 and 𝑅0

𝑟𝑎𝑑 are bias-independent (V = 0) 

recombination coefficients at the p-contact/i-MgCdTe interface, in the depletion region, in 

Figure 3.7 Energy band diagram of a CdTe DH solar cell with different recombination 

processes, including SRH recombination in the depletion region (𝑅𝑑) and the quasi-

neutral region (𝑅𝑏), radiative recombination in the CdTe absorber (𝑅𝑟𝑎𝑑) and interface 

recombination (𝑅𝑖𝑛𝑡) at the p-contact/i-MgCdTe interface.  
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the quasi-neutral region, and the CdTe absorber, respectively. The mathematical formula 

for these recombination coefficients can be expressed as follows: 

                                            𝑅0
𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚 = 𝑆𝑒𝑁𝐶,𝑀𝑔𝐶𝑑𝑇𝑒 ∙ 𝑒

−
𝑞𝜑𝑏𝑜1

𝑘𝐵𝑇  (3.5a) 

                                         𝑅0
𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙 = 𝑆𝑒𝑁𝐶,𝐶𝑑𝑇𝑒𝑃𝑡𝑢𝑛𝑛𝑒𝑙 ∙ 𝑒

−
𝑞𝜑𝑏𝑜2

𝑘𝐵𝑇  (3.5b) 

                                                            𝑅0
𝑑 =

𝑊𝑑

𝜏𝑒+𝜏ℎ
𝑛𝑖   (3.5c) 

                                                            𝑅0
𝑏 =

𝑊−𝑊𝑑

𝜏ℎ

𝑛𝑖
2

𝑁𝐷
 (3.5d) 

                                                       𝑅0
𝑟𝑎𝑑 = (1 − 𝛾)𝐵𝑊𝑛𝑖

2 (3.5e) 

where 𝑆𝑒 is the interface recombination velocity, 𝑁𝐶,𝑀𝑔𝐶𝑑𝑇𝑒 and 𝑁𝐶,𝐶𝑑𝑇𝑒 are the effective 

density of state of conduction band in the i-MgCdTe layer and CdTe absorber, respectively; 

𝜑𝑏𝑜1  and 𝜑𝑏𝑜2  are the potential barrier for electrons at the p-contact/i-MgCdTe and i-

MgCdTe/n-CdTe interfaces, as labeled in Fig. 3.7. Ptunnel is the tunneling possibility of 

electron from CdTe absorber to the hole contact layer, which is dependent with the i-

MgCdTe barrier height and thickness, and the defect state energy distribution in the a-Si:H 

hole contact layer. 𝑊  and 𝑊𝑑  represent the width of absorber and depletion region, 

respectively. The 𝜏𝑒 and 𝜏ℎ are time constants related to the trap density (𝑁𝑡) and capture 

cross-section for electrons (𝜎𝑒) and holes (𝜎ℎ) as 𝜏𝑒 = (𝑁𝑡𝜎𝑒𝜈𝑡ℎ)−1 and 𝜏ℎ = (𝑁𝑡𝜎ℎ𝜈𝑡ℎ)−1. 

The 𝜈𝑡ℎ refers to the usual average thermal velocity of charge carriers. 𝑁𝐷 and 𝑛𝑖 are the 

n-type doping concentration and intrinsic carrier concentration in the CdTe absorber, 

respectively. 𝛾 and B are photon recycling factor and radiative recombination coefficient, 

as mentioned in Section 1.2.  
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Under the open-circuit condition, at which all photon-generated carriers recombine, 

total generation across the absorber 𝐺𝑎𝑊 should equal to the total recombination rate Σ𝑅, 

leading to the following equation: 

                 (𝑅0
𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚 + 𝑅0

𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙 + 𝑅0
𝑏 + 𝑅0

𝑟𝑎𝑑)𝑒
𝑞𝑉𝑜𝑐
𝑘𝐵𝑇 + 𝑅0

𝑑𝑒
𝑞𝑉𝑜𝑐
2𝑘𝐵𝑇 = 𝐺𝑎𝑊 (3.6) 

By solving the equation (3.6), the VOC is given by [59,60]: 

                                      𝑉𝑜𝑐 =
2𝑘𝐵𝑇

𝑞
𝑙𝑛 [

1

2

𝑅0
𝑑

𝑅0
𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚+𝑅0

𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙+𝑅0
𝑏+𝑅0

𝑟𝑎𝑑 ∙

                                      (√4𝐺𝑎𝑊
𝑅0

𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚+𝑅0
𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑

(𝑅0
𝑑)

2 + 1 − 1)] (3.7) 

By assuming 4𝐺𝑎𝑊
𝑅0

𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚+𝑅0
𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑

(𝑅0
𝑑)

2 ≫ 1 , which is reasonable under 

open-circuit condition, equation (3.7) can be simplified to: 

                                   𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
𝑙𝑛 [

𝐺𝑎𝑊

𝑅0
𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚+𝑅0

𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙+𝑅0
𝑏+𝑅0

𝑟𝑎𝑑] (3.8) 

and the activation energy of recombination 𝐸𝑎 can be obtained using the formula  𝑉𝑜𝑐 =

𝐸𝑎

𝑞
+ 𝑇 ∙

𝑑𝑉𝑜𝑐

𝑑𝑇
. Therefore based on the equation (3.8), the 𝐸𝑎 is expressed by the following: 

                                𝐸𝑎 =
𝑅0

𝑖𝑛𝑡,𝑡ℎ𝑒𝑟𝑚𝜑𝑏𝑜1+𝑅0
𝑖𝑛𝑡,𝑡𝑢𝑛𝑛𝑒𝑙𝜑𝑏𝑜2+(𝑅0

𝑏+𝑅0
𝑟𝑎𝑑)𝐸𝑔

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑  (3.9) 

The 𝜑𝑏𝑜1 , 𝜑𝑏𝑜2  and 𝐸𝑔  are the specific recombination activation energies at the p-

contact/i-MgCdTe interface through thermionic emission and tunneling, respectively, and 

in the CdTe absorber/quasi-neutral region. From this point of view, the recombination 

activation energy 𝐸𝑎 is the average activation energy of different recombination processes 

weighted by respective recombination rates at V = 0. 
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A plot of measured VOC vs. temperature of CdTe DH solar cells at 1 sun illumination 

is shown in Fig. 3.8. From the measurement, activation energies of CdTe devices with 

different hole contacts are extracted by using the linear fitting of VOC from near room 

temperature to 0 K. The schematic band alignment of CdTe DH solar cells with ZnTe:As 

and a-Si:H hole contacts is depicted in Fig. 3.9. As discussed before, the CdTe DH device 

Figure 3.8  Temperature-dependent VOC measurement of CdTe solar cells with a-Si:H, 

ZnTe:As and ZnTe:Cu under 1 sun illumination. Linear fitting curves are draw based on 

the VOC near the room temperature. 

ZnTe:As

i-MgCdTe

n-CdTe

Eg = 1.51 eV

dislocations

a-Si:H

i-MgCdTe

n-CdTe

= 1.36 eV

(a) (b)

Figure 3.9 Schematic band alignment of CdTe DH solar cells with (a) a ZnTe:As hole 

contact and (b) an a-Si:H hole contact. The majority recombination mechanisms are 

illustrated using blue arrows, with corresponding recombination activation energies.  
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with ZnTe:Cu hole contact is limited by the low Vbi of 0.9 V. For devices with ZnTe:As, 

the activation energy, 1.47 eV, is close to the bandgap of CdTe absorber (1.51 eV), which 

indicates the recombination in bulk region dominates, further confirms the assumption that 

interface dislocations introduced by ZnTe layer diffuse into CdTe absorber. For the CdTe 

devices with a-Si:H, the activation energy, 1.37 eV is close to the energy gap of the 

tunneling assistant interface recombination, 𝑞𝜑𝑏𝑜2. This is due to the electron tunneling 

through the i-MgCdTe barrier, recombing at the a-Si/MgCdTe interface.  

3.2.3 Light Intensity Limited 

Now it can be concluded that the VOC of CdTe devices with a-Si:H, ZnTe:As and 

ZnTe:Cu hole contacts are limited by interface recombination, bulk SRH recombination 

and low Vbi, respectively. For CdTe devices under low-injection condition, if the VOC is 

limited by radiative recombination, it is hard to further optimize VOC, except for increasing 

light intensity. In this situation, the VOC of solar cells is limited by light intensity. 

Actually the radiative recombination dominated CdTe device can be achieved by using 

a CdTe/Mg0.46Cd0.54Te DH with 30 nm barriers and a heavily-doped p-contact such as a-

Si:H. Xin-Hao Zhao et al. did temperature-dependent TRPL measurement of a series of 

CdTe DHs with different MgCdTe barrier height [17]. The results are plotted in Fig. 3.10. 

Based on the fitting for the samples with 46% Mg in the barrier, the recombination is 

dominated by radiative recombination at all temperatures. The SRH recombination 

behaviour is not seen from the fitting, suggesting the very high matieral qualities (at bulk 

and interfaces). However, the devices based on the CdTe/Mg0.46Cd0.54Te DHs would 

demonstrate a relatively low FF since the hole thermionic emission overcoming large-

bandgap MgCdTe barrier would be blocked. Therefore, even though the larger Mg 
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composition in the barrier would improve carrier lifetime of the CdTe DHs, there’s a trade-

off between high VOC and high FF from the device aspect. 

 

 

  

Figure 3.10 Fitting of temperature-dependent carrier lifetime of (a) CdTe/Mg0.24Cd0.76Te 

DH, (b) CdTe/Mg0.36Cd0.64Te DH and (c) CdTe/Mg0.46Cd0.54Te DH. All the DHs feature 

0.5-µm-thick CdTe absorber and 30-nm-thick MgCdTe barriers [17]. 
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CHAPTER 4 

EPITAXIAL LIFT-OFF CDTE DOUBLE-HETEROSTRUCTURE THIN FILMS  

 

This chapter reports an improved epitaxial lift-off (ELO) technology for 

monocrystalline CdTe/MgCdTe double-heterostructure (DH) thin films using water-

soluble and nearly-lattice-matched MgTe as a sacrificial layer. Employing hard-baked 

photoresist as the superstrates with appropriate surface tension, the lift-off thin films show 

smooth and flat surfaces, confirmed by atomic-force microscopy (AFM) profiles. 

Photoluminescence (PL) measurements reveal further enhancement of the light extraction 

from the ELO thin films with a coated Ag back reflective mirror. The increased PL intensity 

also confirms that the CdTe/MgCdTe DHs maintain high optical quality after ELO. 

External luminescence quantum efficiency (𝜂𝑒𝑥𝑡) is quantitatively measured and used to 

calculate the implied open-circuit voltage (iVOC). A 0.5-µm-thick lift-off CdTe/MgCdTe 

DH with a back mirror demonstrates a  𝜂𝑒𝑥𝑡 of 5.35% and an iVOC of 1.152 V. The devices 

based on this structure are also expected to have an improved fill factor (FF) and a short-

circuit current density (JSC) of 24.7 mA/cm2 according to the simulation results, promising 

to achieve CdTe solar cells with a record power conversion efficiency. 

 

4.1 ELO Process and Sample Structure Design 

Flexible thin-film solar cells with a high power density and specific power are highly 

desirable for both terrestrial and space applications. Epitaxial lift-off (ELO) technology, 

which enables the development of flexible thin-film solar cells, has been successfully 

demonstrated for III-V materials and ZnSe based II-VI semiconductors [77–79], using 

highly selective etchants and sacrificial layers. For the ELO applications to thin film 
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photovoltaics, like polycrystalline CdTe and CuInxGa1-xSe2 (CIGS) solar cells, following 

the sacrificial layer approach,  devices were made on polyimide films by constructing a 

glass/NaCl/polyimide/CdTe (CIGS) stack and then dissolving the NaCl in water [80,81]. 

Another ELO method was demonstrated by depositing polycrystalline CdS/CdTe films on 

Si/SiO2 substrate, showing a fast lift-off process in water [82]. Even though the thin films 

can be delaminated automatically, these methods are limited to polycrystalline systems due 

to the large lattice-mismatch between substrates or sacrificial layers and the epitaxial thin 

films. Besides the sacrificial layer approach, several mechanical or thermomechanical lift-

off methods were reported, such as delaminating CIGS films on a Mo layer and lifting-off 

CdTe films with a controlled stressor of polymeric handled in liquid nitrogen [83–85]. 

Although these methods demonstrated novel approaches to delaminate high-quality 

polycrystalline thin films, there is no report on the ELO process of high-quality 

monocrystalline CdTe devices.  

Recently, a new ELO method for monocrystalline CdTe thin films was reported using 

MgTe as a sacrificial layer [86–88]. High-quality CdTe/MgCdTe double-heterostructure 

(DH) and MgTe can be grown on nearly-lattice-matched InSb substrate by using 

molecular-beam epitaxy (MBE). The sacrificial layer, MgTe, is water-soluble, while both 

the DH and the substrate have extremely low etching rates in deionized (DI) water. 

Therefore, this ELO method is promising to obtain high-quality monocrystalline DH thin 

films. Since only water is used during the ELO process, the substrate is intact and can be 

reused almost indefinitely, without the need for repolishing. Furthermore, the wide-

bandgap MgCdTe barriers serve as carrier selective barriers and passivation layers to the 

CdTe absorber. Therefore, the lift-off MgCdTe surface is expected to have little impact on 
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the effective minority carrier lifetime of the CdTe DH [11]. To enhance the light extraction 

and photon-recycling effect, a back reflective mirror can be added. With a back mirror, the 

necessary absorber thickness can be reduced to approximately half of the original value, 

leading to decreased total SRH recombination current density, increased VOC, and nearly 

the same JSC. A similar approach has been successfully used to demonstrate thin-film GaAs 

solar cells with a record efficiency of 29.1% [89]. For the previous study of MgTe-based 

ELO [88], Kapton tape was used as the superstrate, attaching to the top surface of the 

sample. By submerging the sample in DI water, the thin film was lifted off with the tape. 

Although the process was successful, the Kapton tape is not an ideal superstrate since the 

tape makes the thin film develop wrinkles and defects during the ELO process, and thus 

giving much lower PL intensity in the center area and broadened CdTe peak in the XRD 

pattern. The strong PL signals observed at the lift-off thin film edges are attributed to the 

luminescence concentration as the film acts as an efficient waveguide. In this work, hard-

baked photoresist is used as superstrate to supply more rigid support to the thin film during 

the ELO process, as well as needed surface tension that enables the reaction products of 

the thin MgTe with DI water to diffuse out from the etching fronts and let the etching 

continue.  

The basic process of MgTe-based ELO conducted in this study is depicted in Fig. 4.1. 

Upon removal from MBE chamber, each sample is coated with photoresist and then moved 

to a hot plate for hard bake. Several layers of photoresist are coated to achieve appropriate 

amount of tension. The sample is then immersed in DI water. MgTe is dissociated, and the 
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CdTe thin film with photoresist is lifted off. Typically, the process takes about 15 minutes 

to lift off a 1 cm × 1 cm thin film from the substrate in 55˚C DI water. The free-standing 

thin film is then transferred to a foreign substrate, a polyethylene terephthalate (PET) 

coated with Ag as a reflective mirror. To fabricate thin-film solar cells in the future, it is 

planned to use indium to bond the CdTe lift-off samples with conductive PET substrates 

before the lift-off process [27], or to use an elastomer, like PDMS, as the superstrate to lift 

off, transfer and print the thin films [90,91]. 

CdTe thin film

MgTe

InSb substrate

photoresist

silver
PET

CdTe thin film

photoresist

DI H2O

CdTe thin film

MgTe

InSb substrate

photoresist

Figure 4.1 Schematic ELO process of CdTe/MgCdTe DH, using photoresist as the 

superstrate. 

Sample Absorber thickness (d) 

A 0.5 µm

B 1 µm

15 nm

1 µm

50 nm

n-InSb substrate

n-CdTe buffer

n-Mg0.24Cd0.76Te BSB 

ND = 5 1017 cm-3

i-Mg0.4Cd0.6Te

n-CdTe absorber 

ND = 1016 cm-3

p-type a-Si:H

ITO 50 nm

8 nm

Ag

(a)

MgTe

(b)

SiO2
75 nm

20 nm

d

20 nm

n-InSb substrate

n-CdTe buffer

n-Mg0.24Cd0.76Te BSB 

ND = 5 1017 cm-3

i-Mg0.4Cd0.6Te

n-CdTe absorber 

ND = 1016 cm-3

20 nm

Figure 4.2 (a) Layer structure of the conventional CdTe/MgCdTe DH solar cells design. 

(b) Layer structures of newly designed CdTe lift-off samples with MgTe sacrificial layers. 
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Fig. 4.2 (a) shows the layer structure of a conventional CdTe/MgCdTe DH solar cell 

design, which exhibits a record VOC up to 1.11 V [25,26]. The CdTe lift-off samples in this 

study, which is shown in Fig. 4.2 (b), are designed with a reversed layer sequence to be 

compatible with the ELO process mentioned above. Except for the layer sequence, the 

changes of the new designs are i) the thickness of i-Mg0.4Cd0.6Te barrier was increased 

from 15 nm to 20 nm to minimize electron tunneling and consequent p-contact/i-

Mg0.4Cd0.6Te interface recombination [17,48]; ii) the thickness of n-Mg0.24Cd0.76Te barrier 

was decreased from 50 nm to 20  nm to reduce the parasitic absorption considering the 

light reflection from the back mirror; iii) two structures A and B feature the different 

absorber thickness of 0.5 µm and 1 µm, respectively. 

 

4.2 Characterization of Structural and Surface Properties  

To illustrate the crystalline properties of the lift-off thin films and the successful 

ELO process, (004) ω-2θ XRD scans of structure A both pre-ELO (top) and post-ELO 

(bottom) are shown in Fig. 4.3. Compared to the pre-ELO scan, the post-ELO scan shows 

that both the MgTe peak at 29° and the InSb substrate peak are absent while the CdTe 

absorber peak and the features corresponding to the Mg0.24Cd0.76Te and Mg0.4Cd0.6Te 

barriers remain. Full width at half maximum (FWHM) of the CdTe absorber peak does not 

change significantly after the ELO. These findings indicate a successful ELO of the CdTe 

DH thin films with the assistant of photoresist.  

After the ELO, the i-Mg0.4Cd0.6Te layer, which passivates the CdTe absorber and 

serves as an electron blocking layer, is exposed to the air. If this layer reacts with DI water 

due to the 40% composition of Mg in MgCdTe during the ELO process, the enhanced 
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surface recombination would lead to low optical performance of the thin film, even though 

the crystalline quality remains unchanged [9,17]. To confirm the DH, especially the i-

Mg0.4Cd0.6Te layer is intact after the ELO, the i-Mg0.4Cd0.6Te surface morphology of post-

ELO thin film with structure B is characterized by atomic-force microscopy (AFM). A 5 

µm × 5 µm range image is shown in Fig. 4.4, with a root mean square (RMS) roughness of 

6.69 Å, similar to that obtained on an epitaxial layer surface, suggesting the extremely low 

etching rate of i-Mg0.4Cd0.6Te in DI water.  

 

Figure 4.3 Omega-2θ (004) scans of (top) as-grown sample A on an InSb(001) substrate 

and (bottom) the free-standing CdTe/MgCdTe DH thin film after ELO. 
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4.3 Characterization and Simulation of Optical Performance 

The optical performance of the as-grown samples and post-ELO thin films is firstly 

characterized by using room-temperature PL spectroscopy. The laser wavelength is 532 

nm, with a penetration depth in CdTe absorber smaller than 0.1 µm. Fig. 4.5 (a) compares 

the PL of a conventional CdTe DH sample and the lift-off samples with structures A and 

B before ELO. Compared with the conventional CdTe DH sample, the lift-off samples give 

stronger PL signals because the thicker i-Mg0.4Cd0.6Te barrier further suppresses the 

tunneling of the photogenerated carriers from the absorber to the surface to recombine non-

radiatively [17,48]. With a thinner absorber, the lift-off sample with structure A shows 

even higher PL intensity than structure B due to a higher photon-generated carrier density 

per unit volume and lower total SRH non-radiative recombination rate per unit area. In Fig. 

4.5 (b), stronger PL intensities in the post-ELO films than those in the as-grown lift-off 

samples are observed. This shows that the light extraction and photon-recycling effect of 

0.0 μm 5.0 μm

-2.7 nm

2.3 nm

Figure 4.4 AFM image of i-Mg0.4Cd0.6Te surface morphology of post-ELO thin film with 

structure B in 5 µm × 5 µm range. 
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the CdTe thin films have been enhanced by replacing absorptive substrate with a reflective 

back mirror. Increased PL intensity is observed across the sample areas of the post-ELO 

films. 

In addition to PL spectra, photoluminescence quantum efficiency (PLQE) 

measurements are performed, and external luminescence quantum efficiency (𝜂𝑒𝑥𝑡) are 

quantitatively measured. More details about the experimental procedures and theoretical 

analysis can be found in previous publication [24]. Through the formula [22,23] 

                                                 𝑖𝑉𝑂𝐶 = 𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙 −
𝑘𝑇

𝑞
|ln (𝜂𝑒𝑥𝑡)| (5.1) 

the implied open-circuit voltage (iVOC) of a solar cell, or the quasi-fermi-level splitting in 

the absorber region, can be measured, where 𝜂𝑒𝑥𝑡 is the ratio of photons that escape from 

the front surface to the electron-hole pairs generated in the solar cell absorber; 𝑉𝑂𝐶,𝑖𝑑𝑒𝑎𝑙 is 

the VOC of a solar cell when the recombination is purely radiative, emittance to the back-

Figure 4.5 (a) Comparison of the PL spectra between conventional CdTe DH sample and 

as-grown CdTe lift-off samples with structure A and B. (b) Comparison between 

conventional CdTe DH sample and free-standing thin films of structure A and B with Ag 

back mirror. 
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surface is zero, and zero voltage loss due to carrier transport. The results are summarized 

in Table 4.1.  

One of the key factors to make a precise calculation of the iVOC is the accurate 

estimation of light absorption, i.e., the number of carriers optically injected into the CdTe 

absorber. Different structures with different smooth/textured surfaces, absorptive/reflective 

substrates, and reflective index, etc. would have different absorption. A total of 12 kinds of 

statistical ray tracing models are presented in the previous studies [92,93], assuming the 

maximal scattering case with an angular Lambertian distribution. For the MBE grown 

samples and post-ELO thin films with smooth surfaces and interfaces, the absorption of 

CdTe absorber at the laser wavelength can be accurately simulated by wave optics, taking 

into account of the optical constants (refractive index, n, and extinction coefficient, k) and 

the thickness of each layer. One example is that the measured iVOC of the conventional 

CdTe DH samples was in excellent agreement with the VOC of the processed solar cells 

[26]. In the light absorption simulation of the ELO thin films above, however, the 

absorption of photoresist is ignored. Therefore, the calculated iVOC values of the ELO films 

are underestimated. Based on the measurements, ELO thin films with 0.5-µm-thick 

Table 4.1 Summary of PLQE measurement results. SC design represents conventional 

monocrystalline CdTe DH solar cell design. 

Sample 𝜂𝑒𝑥𝑡 at 1 sun  𝑖𝑉𝑂𝐶  (V)  𝑉𝑂𝐶  (V)  

SC design 1.54% 1.119 1.11 [27] 

structure A 3.65% 1.141 - 

structure B 1.80% 1.123 - 

ELO A 5.35% 1.152 
 

ELO B 3.39% 1.139 
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absorber (ELO A) demonstrated a 𝜂𝑒𝑥𝑡 of 5.35% and an iVOC of 1.152 V. Using the same 

processing flow of the conventional CdTe DH solar cells, the CdTe thin-film solar cells 

based on structure A would achieve a VOC of 1.15 V or even higher.    

Compared with the conventional CdTe DH solar cell design, a thin-film solar cell with 

0.5-µm-thick absorber would maintain a similar JSC by incorporating a 150-nm-thick Ag 

layer as back mirror. The simulated structure is SiO2/ITO/a-Si:H/CdTe DH (structure 

A)/Ag/PET. Fig. 4.6 depicts the simulated absorption of the thin-film solar cells with a 

calculated photo-current density of 24.7 mA/cm2 using wave optics. By optimizing the p-

contact to reduce the parasitic absorption, such as depositing a thinner a-Si:H layer with 

higher doping density, or replacing the a-Si:H with a wider-bandgap material, the JSC of 

thin-film solar cells can be further improved. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Simulated absorptance spectrum for CdTe thin-film solar cells with a calculated 

photo-current density of 24.7 mA/cm2. The simulated device (structure A) has a 75-nm-

thick SiO2 anti-reflection coating layer, a 55-nm-thick ITO layer, an 8-nm-thick a-Si:H 

hole-contact layer and a 150-nm-thick Ag back contact. 
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In summary, a photoresist-assisted ELO method is demonstrated to obtain high-quality 

monocrystalline CdTe DH thin films with smooth lift-off surface and enhanced optical 

performance. A maximum 𝜂𝑒𝑥𝑡 of 5.35% is extracted from a newly designed, 0.5-µm-thick 

CdTe/MgCdTe DH after ELO process, corresponding to an iVOC of 1.152 V, which is only 

0.35 V below the bandgap of monocrystalline CdTe. By incorporating the back reflective 

mirror to increase the optical thickness and photo-recycling effect, the JSC of a processed 

0.5-µm-thick CdTe thin-film solar cell is 24.7 mA/cm2 according to simulation.  

 

4.4   Roadmap and Demonstration of CdTe Thin-Film Devices  

Due to the lack of the lift-off samples, the monocrystalline CdTe thin-film solar cells 

have not been developed yet. This section introduces some preliminary results and gives a 

summary of the envisioned possibility methods to fabricate the monocrystalline CdTe DH 

thin-film solar cells. 

4.4.1 Device Processing Prior to ELO 

One of the methods is growing lift-off samples with normal CdTe DHs. As shown in 

Fig. 4.7, p-type hole contact, ITO and Ag layers are deposited on top of the lift-off samples. 

Then do the ELO after the device processing. When the lift-off sample with the hole 

contact, ITO and Ag is immersed into water, the thin film can be automatically lifted off. 

The obtained freestanding thin films are flipped over and deposited indium contact on the 

other side. By laying the p-type hole contact and ITO layers down to the bottom, the 

parasitic absorption of these layers can be avoided. The Ag layer can serve as a back 

reflective mirror to increase the photon-recycling effect and the light extraction efficiency. 
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Another advantage is that depositing p-contact on the MBE-grown CdTe DH surface is 

better than that on the lift-off surface in the wafer scale. 

However, this method does not work when the p-type a-Si:H is used as the hole 

contact. The reason is that the a-Si:H layer can not form a tight bonding with the CdTe 

DHs. During the ELO process, the a-Si:H with the ITO and Ag layers would be first 

separated with the CdTe DH. The obtained freestanding thin film does not have PL signals 

in the visible light range, while the PL peak corresponding to the CdTe absorber can be 

observed from the substrate after the ELO. By attaching a Kapton tape on the substrate, a 

second ELO can be done. After the second ELO, another layer of thin film is separated 

from the substrate, and no PL signal can be observed on the substrate. The spectra of the 

Figure 4.7 Monocrystalline CdTe thin-film solar cell processing flow using a normal 

structure CdTe lift-off sample. The deposition of the p-type hole contact, ITO and Ag are 

done before the ELO process. 
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as-grown sample, the freestanding thin film after first ELO, the substrate after the first and 

the second ELO are plotted in Fig. 4.8. To use this method in the future, other p-type hole 

contacts with tight bonding with the CdTe DHs should be deposited on the lift-off samples. 

4.4.2 Device Processing Post ELO 

Another idea is growing reversed structure of the lift-off samples, as shown in Fig. 4.2 

(b), and doing the device processing after the ELO process. The schematic processing flow 

is demonstrated in Fig 4.9. Using this method, the key is finding a conductive and adhesive 

layer to bond the reversed lift-off structure to a superstrate. Several promising bonding 

technologies will be discussed. During the a-Si:H deposition via PECVD, the samples will 

stay in the chamber at 220 ˚C for 4 ~ 5 minutes. To be compatible with the device 

processing, the conductive bonding layer and the superstrate are required to withstand the 

Figure 4.8 Photoluminescence spectra of the as-grown CdTe lift-off sample, freestanding 

thin film after the first ELO and the substrate after the first and the second ELO.  
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temperature of 220 ˚C. For the flexible polymer superstrate, polyimide is a good candidate 

which is commercially available and can withstand temperatures ranging from -269 ˚C to 

400 ˚C. 

For the bonding technology, one promising method is using Ag epoxy to form In/Ag-

epoxy/Au contact. As mentioned in Chapter 2, In can make good ohmic contact to n-CdTe 

with resistance of 1.2×10-4 Ω∙cm2. A previous study is reported using Ag-epoxy agent to 

bring InAs/GaAs quantum dot solar cell wafer and polyimide film into contact [94]. No 

degradation was observed of the bonding layer and the plastic film after annealing at 150 

– 200 ˚C in ambient air and selective chemical etching with H3PO4/H2O2 followed by 50% 

citric acid/H2O2.  

Figure 4.9 Monocrystalline CdTe thin-film solar cell processing flow using a reversed 

structure CdTe lift-off sample. The deposition of the p-type hole contact, ITO and Ag are 

done before the ELO process. 
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Indium bonding is a promising method as well. Weiquan Yang et al. demonstrated an 

ultra-thin GaAs single-junction solar cell by using indium as bonding medium to secure 

the GaAs wafer to the Si carrier in 2014 [27]. After the chemical etching of the GaAs 

substrate using HF/H2O solution, the indium bonding layer keeps good electrical property 

and the fabricated GaAs thin-film solar cell demonstrated a FF of 77.8% and a power 

conversion efficiency of 19.1%. One potential problem is the low melting point of indium 

(156 ˚C). The stability of the indium bonding layer during the deposition of a-Si:H layer at 

220 ˚C should be further investigated. 

  Another promising bonding method is cold-weld bonding [95]. A previous study 

demonstrated an ELO technology for single-crystal InP thin-film solar cells by mounting 

the InP sample to a flexible plastic superstrate [96]. The sample and the plastic sheet were 

deposited a 60 nm Au contact layer. By mounting the InP wafer Au-side down on the 

plastic sheet and applying a pressure of 10 MPa for 60 s, a cold-weld bond is formed 

between the wafer and the superstrate. After that, a selective chemical etching was used to 

remove the InP substrate and the InP thin film was obtained with the conductive bonding 

layer and the flexible superstrate.  

4.4.3 CdTe DH thin-film solar cells 

After removal from the MBE chamber, the CdTe ELO sample is deposited a 900 nm 

indium layer on top surface by thermal evaporation. Ti/Pt/Au layers are deposited onto a 

127 µm Kapton polyimide film with 30 nm, 20 nm and 150 nm thickness, respectively, by 

electron-beam evaporation. A 900 nm indium layer is then deposited on the polyimide film 

by thermal evaporation.  
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After metal deposition, the ELO sample is mounted indium-side down on the 

polyimide film and a indium bonding layer is formed by applying pressure through a flat 

stage for several minutes at room temperature. Then, the CdTe ELO sample with the 

polyimide superstrate is immersed into 65 ˚C DI water. The lift-off process takes about 2 

minutes to lift off a 5 mm × 5 mm thin film without any external force.   

After obtaining the CdTe DH thin film with the polyimide film, a 50 nm thick ITO 

layer with 0.005 cm2 area is sputtered onto the thin film using shadow mask. The ITO layer 

is considered as the current spreading layer and therefore, the device area is approximated 

as the area of the ITO. The device structure and the J-V curve are shown in Fig. 4.10. For 

device performance, the lift-off CdTe thin-film solar cell demonstrates an VOC of 0.792 V 

and an efficiency of 9.8%. The low FF of 44.9% is mainly attributed to the large contact 

resistance between the probe and the ITO layer. In the future, a silver layer will be 

deposited on top of the ITO, serving as the metal contact to minimize the contact resistance. 

 

indium

n-Mg0.24Cd0.76Te:In

ND = 5 1017 cm-3

i-Mg0.3Cd0.7Te

n-CdTe absorber 

ND = 1016 cm-3

Ti/Pt/Au

polyimide

500 nm

30 nm

30 nm

50 nm

20 nm

indium

n-CdTe:In contact

ND = 5 1017 cm-3

ITO

(a) (b)

Figure 4.10 (a) Layer structure of the monocrystalline CdTe DH thin-film solar cell. (b) 

J-V curve of the processed CdTe DH thin-film solar cell. 
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This device structure does not employ a hole contact. The VOC is believed to come 

from the Schottky junction between ITO and i-MgCdTe barrier due to the interface Fermi-

level pinning [97,98]. This result shows a promising method to fabricate high-efficient 

CdTe Schottky solar cells. It also reveals a possibility for polycrystalline CdTe solar cells 

to achieve high VOC by forming the Schottky junction.  
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CHAPTER 5 

MONOCRYSTALLINE 1.7-EV MGCDTE SOLAR CELLS  

A two-terminal, current-matched tandem solar cell combining a 1.7-eV bandgap top 

subcell with a 1.1-eV bandgap silicon, perovskite, or CIGS bottom subcell has a theoretical 

conversion efficiency up to 43% [92]. The desired top subcell bandgap of 1.7 eV can be 

achieved using MgCdTe alloy with 13% Mg composition. Compared with III-V 

semiconductors and perovskites [99–102], Mg0.13Cd0.87Te is stable, low-cost, radiation-

hard [103,104] and has a high absorption coefficient near the band edge [105], making it 

an excellent candidate for the top subcell. Following the “remote junction” design of 

monocrystalline CdTe solar cells with a p-type a-Si:H layer outside a CdTe/MgCdTe 

double heterostructure (DH) [25,26], high quality Mg0.13Cd0.87Te/MgxCd1-xTe (x > 0.13) 

DHs are designed and grown on nearly lattice-matched InSb(001) substrates using 

molecular beam epitaxy (MBE). The Mg0.13Cd0.87Te/MgxCd1-xTe DHs exhibit a minority 

carrier lifetime longer than 500 ns, promising to achieve a single-junction 1.7-eV solar cell 

with high open-circuit voltage (VOC) and power conversion efficiency [106]. For tandem 

solar cell applications, an epitaxial lift-off (ELO) technology has recently been reported 

for monocrystalline CdTe DH thin films employing water-soluble MgTe as a sacrificial 

layer [107,108]. Incorporating the ELO technology with 1.7-eV MgCdTe DH solar cells 

offers the promise of MgCdTe/Si or MgCdTe/CIGS tandem solar cells with robust 

radiation hardness, high power conversion efficiency, and high power density.   

The previous study demonstrated a 1.7-eV MgCdTe DH solar cell with an efficiency 

of 11.2% limited by poor carrier transport and low light absorption [106]. In this work, an 

anti-reflective coating (ARC) layer and a thicker absorber are employed to increase the 
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light absorption. Carrier transport studies are conducted on these solar cells with varying 

MgxCd1-xTe barrier height and thickness to optimize the trade-off between carrier 

confinement and carrier transport. The limiting factors of the VOC and the suppression of 

short-circuit current density (JSC) are further analyzed using temperature-dependent VOC 

measurements and solar cell absorption simulations.  

 

5.1 Device Structure and Characterization 

The layer structure of the 1.7-eV MgCdTe DH solar cells studied in this work is shown 

in Fig. 5.1 and consists of a MBE-grown, unintentionally doped Mg0.13Cd0.87Te/MgxCd1-

xTe (x > 0.13) DH on a n-type InSb(001) substrate, an 8 nm thick p-type a-Si:H hole contact 

layer with a doping concentration of approximately 1×1018 cm-3, a 50 nm thick indium tin 

oxide (ITO) current spreading layer, a Ag top contact, and a 75 nm thick SiO2 ARC layer. 

The unintentionally doped intrinsic Mg0.13Cd0.87Te absorber shows n-type behavior with 

an electron concentration of 1015 cm-3. More details of the device design and processing 

can be found in a previous publication [25]. This design takes advantage of the “remote 

junction” structure in which the top MgxCd1-xTe layer serves as a passivation layer for the 

absorber as well as a barrier for the photogenerated electrons, preventing them from 

reaching non-radiative recombination centers in the a-Si:H hole contact layer. The 

recombination rates at the nearly lattice-matched MgxCd1-xTe/Mg0.13Cd0.87Te interfaces are 

greatly suppressed as a result of very low defect density and the low electron density at the 

a-Si:H/MgxCd1-xTe interface. Therefore, long minority carrier lifetime and high VOC have 

been achieved. 
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Table 5.1 lists the four Mg0.13Cd0.87Te/MgxCd1-xTe DHs grown and studied in this 

work. Structure A is a previously studied design with an absorber thickness of 0.5 μm [106]. 

It features two 30 nm 50% Mg (Eg = 2.4 eV) barriers with a 36 nm graded layer between 

the absorber and each barrier. Devices based on structure A demonstrated an VOC of 1.176 

V and an active-area efficiency of 11.2%. Structures B - D are newly designed structures 

Table 5.1 Barrier composition, absorber layer thickness, and absorber/barrier 

interface type for 1.7-eV MgCdTe DH solar cells. 

Sample 

structures MgxCd1-xTe barrier Absorber thickness Absorber interfaces 

ARC 

layer 

A 2.4 eV Mg0.50Cd0.50Te 0.50 µm Graded No 

B 2.2 eV Mg0.37Cd0.63Te 1.2 µm Graded Yes 

C 2.2 eV Mg0.37Cd0.63Te 1.2 µm Abrupt Yes 

D 2.0 eV Mg0.28Cd0.72Te 1.2 µm Abrupt Yes 

 

Figure 5.1 Schematic layer structure of the 1.7-eV MgCdTe DH solar cells. The details 

of Mg0.13Cd0.87Te absorber thickness (d), Mg composition in the MgxCd1-xTe barrier 

layers, interface type between absorber and barriers, and ARC layer are listed in Table 

I. 
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with a 1.2 μm thick absorber and an additional 75 nm SiO2 ARC layer. Structures B and C 

feature two 30 nm 37% Mg (Eg = 2.2 eV) barriers with a 36 nm graded layer and an abrupt 

interface between the absorber and each barrier. Structure D features two 30 nm 28% Mg 

(Eg = 2.0 eV) barriers with abrupt interfaces. From structure A to D, the samples trend 

towards lower barrier height of the MgxCd1-xTe layers.  

Current-voltage (J-V) measurements are performed using a AM1.5G solar simulator 

at room temperature for all four solar cell structures A, B, C and D. Fig. 5.2 compares the 

VOC, JSC, fill factor (FF), and power conversion efficiency (𝜂) of these devices. The VOC 

values of these samples trend down with the lowering barrier height. Higher MgxCd1-xTe 

barriers result in increased confinement of the photogenerated electrons and holes in the 

Mg0.13Cd0.87Te absorber. Non-radiative recombination outside the DH is thus suppressed 

and the effective carrier lifetime, quasi-Fermi level splitting, and VOC are thereby increased. 

Comparing structures B and C demonstrates that the abrupt interface between MgxCd1-xTe 

top barrier and Mg0.13Cd0.87Te absorber gives weaker carrier confinement than the interface 

with graded layer and thus leads a lower VOC. The increased JSC in structures B, C and D 

in comparison to A is attributed to two factors: i) the thickness of the absorber from 500 

nm (A) to 1200 nm (B-D); and ii) the addition of the 75 nm SiO2 ARC layer. It is worth 

noting that the measured JSC, and consequently 𝜂, of structure C has a large error bar due 

to the uncertainty of device area measurements. 

The FF increases from structure A to D. This trend is inversely proportional to the 

barrier height and thickness of the MgxCd1-xTe layers. The barriers in the conduction band 

near the electron contact and in the valence band near the hole contact are thought to be 

responsible for restricting electron and hole transport to their respective contacts. The 
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reduction in barrier height and thickness leads to improved carrier transport across the 

barrier layers and thus a higher FF. The selection of MgxCd1-xTe barrier height and 

thickness is a trade-off between the VOC, associated with carrier confinement, and FF, 

associated with carrier transport. The 1.7-eV MgCdTe devices with structure C 

demonstrate the best performance in terms of total conversion efficiency. As discussed 

earlier, the measured JSC has a large error bar. Therefore we report the calibrated JSC for 

the record cell by integrating the external spectrum over wavelength. The scaled JSC is used 

to calculate the active-area efficiency [26] of the device, which gives an efficiency of 

15.2%. The corresponding J-V curve and EQE spectrum are shown in Fig. 5.3. It is noted 

Figure 5.2 (a) Open-circuit voltage VOC, (b) short-circuit current JSC, (c) fill factor FF, 

and (d) power conversion efficiency η of 1.7-eV MgCdTe DH solar cell structures A – 

D. From structure A to D, the samples trend towards lower barrier height of the MgxCd1-

xTe layers. 
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that if this cell is integrated with a 21.2% efficiency Si solar cell [109] by a two-terminal 

connection, a boost of efficiency to 24% is expected based on our simulation results shown 

in Table 5.2, demonstrating the great potential of two-terminal MgCdTe/Si tandem solar 

cells proposed in the introduction. 

 

 

Figure 5.3 (a) J-V curve of the 1.7-eV MgCdTe device with structure C. The current 

density is scaled to match the JSC calculated from the EQE spectrum. (b) Measured EQE 

and one minus reflectance (1-R) of the device with structure C. 

TABLE 5.2 J-V parameters of the 1.7-eV MgCdTe solar cell, a Si subcell and a simulated 

two-terminal tandem solar cell of MgCdTe device and Si subcell under AM1.5G 

illumination. Vmpp and Jmpp refer to the maximum power point voltage and current 

density, respectively. 

Devices VOC (V) 
JSC 

(mA/cm2) 
FF (%) 

Efficiency 

(%) 

Vmpp 

(V) 

Jmpp 

(mA/cm2) 

1.7-eV 

MgCdTe 
1.129 17.3 77.7 15.2 0.94 16.1 

Si subcell 

[103] 
0.687 38.5 80.3 21.2 0.585 36.29 

Tandem    24.3 1.49 16.31 
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5.2 Temperature Dependent VOC Study 

Temperature-dependent measurements of the VOC are conducted to study carrier 

transport and the limitations to the VOC, and to determine the major recombination 

mechanisms in the devices. The measurement data are analyzed using a model described 

as follows: The radiative recombination rate (𝑅𝑟𝑎𝑑) in the Mg0.13Cd0.87Te absorber, the 

Shockley-Read-Hall (SRH) recombination rates in the depletion region (𝑅𝑆𝑅𝐻
𝑑 ) and in the 

quasi-neutral region (𝑅𝑆𝑅𝐻
𝑞𝑛

), and the effective interface recombination rate (𝑅𝑖𝑛𝑡) either in 

the a-Si:H hole contact layer (case I) or at the a-Si:H/MgxCd1-xTe interface (case II) are 

quantified, and these recombination processes are considered as the potential main 

recombination mechanisms. Recombination at the MgxCd1-xTe/Mg0.13Cd0.87Te interface is 

neglected due to the nearly lattice-matched interface with very low defect density [17]. Fig. 

5.4 shows the energy band diagram of a MgCdTe DH device with different recombination 

mechanisms. Fig. 5.4 (a) features MgxCd1-xTe barrier layers with greater Mg composition 

and a higher barrier while Fig. 5.4 (b) features MgxCd1-xTe barrier layers with smaller Mg 

composition and lower barrier. Each recombination rate under illumination is expressed as 

the product of a voltage-independent recombination coefficient and an exponential 

function of voltage as follows [22,43,59,60]: 

                                  𝑅𝑖𝑛𝑡 = {

𝑑

𝜏𝑒,𝑝

𝑛𝑖,𝑝
2

𝑁𝐴
∙ 𝑒

𝑞𝑉

𝑘𝐵𝑇                (case I)

𝑆𝑒𝑁𝐶𝑒
−

𝑞𝜑𝑏𝑜
𝑘𝐵𝑇 ∙ 𝑒

𝑞𝑉

𝑘𝐵𝑇      (case II)

≅ 𝑅0
𝑖𝑛𝑡𝑒

𝑞𝑉

𝑘𝐵𝑇    (5.1) 

where  𝑑 , 𝜏𝑒,𝑝 , 𝑛𝑖,𝑝  and 𝑁𝐴  are the thickness, minority carrier lifetime, intrinsic carrier 

concentration and doping concentration of the hole contact, respectively. 𝑆𝑒 is the interface 

recombination velocity, 𝑁𝐶 is the effective density of states of the conduction band in the 
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MgxCd1-xTe barrier layer, and 𝜑𝑏𝑜 is the potential barrier for electrons at the interface as 

labeled in Fig. 5.4 (b). The SRH recombination rates in the depletion region and in the 

quasi-neutral region are given as:  

Figure 5.4 Energy band diagram of a 1.7-eV MgCdTe DH solar cell with different 

recombination processes. (a) Case I: Larger bandgap of i-MgxCd1-xTe barriers forms type-

I alignment of p-contact/i-MgxCd1-xTe. (b) Case II: Smaller bandgap of i-MgxCd1-xTe 

barriers forms type-II alignment of p-contact/i-MgxCd1-xTe. 𝑅𝑖𝑛𝑡 represents the effective 

interface recombination rate either in the a-Si:H hole contact layer (case I) or at the a-

Si:H/MgxCd1-xTe interface (case II), 𝑅𝑟𝑎𝑑  is the radiative recombination rate in the 

Mg0.13Cd0.87Te absorber, and 𝑅𝑆𝑅𝐻
𝑑  and 𝑅𝑆𝑅𝐻

𝑞𝑛
 are Shockley-Read-Hall (SRH) 

recombination rates in the depletion region and in the quasi-neutral region, respectively. 

CdTe

1.7-eV MgCdTe

hole 

contact

MgxCd1-xTe

MgxCd1-xTe

CdTe

(b) Case II: Type II alignment of p-contact/MgxCd1-xTe
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                                          𝑅𝑆𝑅𝐻
𝑑 =

𝑊𝑑

𝜏𝑒+𝜏ℎ
𝑛𝑖 ∙ 𝑒

𝑞𝑉

𝑘𝐵𝑇 ≅ 𝑅0
𝑑𝑒

𝑞𝑉

2𝑘𝐵𝑇 (5.2)  

                                               𝑅𝑆𝑅𝐻
𝑞𝑛 =

𝑊−𝑊𝑑

𝜏ℎ

𝑛𝑖
2

𝑁𝐷
∙ 𝑒

𝑞𝑉

𝑘𝐵𝑇 ≅ 𝑅0
𝑞𝑛𝑒

𝑞𝑉

𝑘𝐵𝑇 (5.3) 

where 𝑊 and 𝑊𝑑 represent the width of the absorber and the depletion region, respectively, 

and 𝜏𝑒 and 𝜏ℎ are time constants related to the trap density (𝑁𝑡) and capture cross-section 

for electrons (𝜎𝑒) and holes (𝜎ℎ), with 𝜏𝑒 = (𝑁𝑡𝜎𝑒𝜈𝑡ℎ)−1 and  𝜏ℎ = (𝑁𝑡𝜎ℎ𝜈𝑡ℎ)−1. 𝜈𝑡ℎ is 

the average thermal velocity of charge carriers and 𝑁𝐷  and 𝑛𝑖  are the n-type doping 

concentration and intrinsic carrier concentration in the absorber, respectively. The radiative 

recombination rate in the Mg0.13Cd0.87Te absorber is given as: 

                                     𝑅𝑟𝑎𝑑 = (1 − 𝛾)𝐵𝑊𝑛𝑖
2 ∙ 𝑒

𝑞𝑉

𝑘𝐵𝑇 ≅ 𝑅0
𝑟𝑎𝑑𝑒

𝑞𝑉

𝑘𝐵𝑇 (5.4) 

where 𝛾  is the photon recycling factor[13] and B is the radiative recombination 

coefficient[15] of the absorber. The photon recycling factor describes the average fraction 

of radiative recombination generated photons that are reabsorbed within the absorber 

before escaping the DH. 

Under the open-circuit condition, all photogenerated carriers recombine inside the 

device. The total generation 𝐺𝑎𝑊 in the absorber is equal to the total recombination rate 

Σ𝑅, leading to the following equation: 

                                        (𝑅0
𝑖𝑛𝑡 + 𝑅0

𝑏 + 𝑅0
𝑟𝑎𝑑)𝑒

𝑞𝑉𝑜𝑐
𝑘𝐵𝑇 + 𝑅0

𝑑𝑒
𝑞𝑉𝑜𝑐
2𝑘𝐵𝑇 = 𝐺𝑎𝑊 (5.5) 

By solving Eq. (5.5), the VOC is given by: 

                   𝑉𝑜𝑐 =
2𝑘𝐵𝑇

𝑞
𝑙𝑛 [

1

2

𝑅0
𝑑

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑 ∙ (√4𝐺𝑎𝑊

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑

(𝑅0
𝑑)

2 + 1 − 1)] (5.6) 
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Assuming 4𝐺𝑎𝑊
𝑅0

𝑖𝑛𝑡+𝑅0
𝑏+𝑅0

𝑟𝑎𝑑

(𝑅0
𝑑)

2 ≫ 1, which is reasonable based on Eq. (5.5) since the 

VOC values of these solar cells are higher than 1 V, Eq. (5.6) can be simplified to: 

                                        𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
𝑙𝑛 [

𝐺𝑎𝑊

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑] (5.7) 

Since a nearly linear relationship of the VOC with T is observed near room temperature, the 

activation energy of recombination (𝐸𝑎) can be obtained using the formula  𝑉𝑜𝑐 =
𝐸𝑎

𝑞
+ 𝑇 ∙

𝑑𝑉𝑜𝑐

𝑑𝑇
. Therefore, based on Eq. (5.7), 𝐸𝑎 can be expressed as: 

                         𝐸𝑎 = {

𝑅0
𝑖𝑛𝑡𝜑𝑏𝑜+(𝑅0

𝑏+𝑅0
𝑟𝑎𝑑)𝐸𝑔,𝑀𝑔𝐶𝑑𝑇𝑒

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑       (𝑐𝑎𝑠𝑒 𝐼)

𝑅0
𝑖𝑛𝑡𝐸𝑔,𝑎−𝑆𝑖+(𝑅0

𝑏+𝑅0
𝑟𝑎𝑑)𝐸𝑔,𝑀𝑔𝐶𝑑𝑇𝑒

𝑅0
𝑖𝑛𝑡+𝑅0

𝑏+𝑅0
𝑟𝑎𝑑      (𝑐𝑎𝑠𝑒 𝐼𝐼)        

 (5.8) 

where 𝜑𝑏𝑜, 𝐸𝑔,𝑎−𝑆𝑖 and 𝐸𝑔,𝑀𝑔𝐶𝑑𝑇𝑒 are the specific recombination activation energies at the 

p-contact/i-MgxCd1-xTe interface, in the a-Si hole contact, and in the MgCdTe 

absorber/quasi-neutral region, respectively. From this point of view, the recombination 

activation energy, 𝐸𝑎 , is the average activation energy of the different recombination 

processes weighted by their respective recombination rates at equilibrium.  

The VOC measurements of the four devices at different temperatures are shown in Fig. 

5.5.  In the temperature range 250 to 300 K it is reasonable to assume that the bandgap 

energy and the carrier lifetimes do not change much with temperature, as observed in 

CdTe/MgCdTe DHs [11,15]. The VOC therefore increases almost linearly as the 

temperature decreases due to the increased quasi-Fermi level splitting for electrons and 

holes under illumination at lower temperatures, as shown in Eq. (5.9), 

                 𝑞𝑉𝑜𝑐 = 𝐸𝑔 − (𝐸𝑐 − 𝐸𝐹𝑛) − (𝐸𝐹𝑝 − 𝐸𝑉) ≈ 𝐸𝑔 − 𝑘𝑇𝑙𝑛 (
𝑁𝐶𝑁𝑉

𝐺𝜏(𝐺𝜏+𝑁𝐷)
) (5.9) 
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The activation energy can be obtained from extrapolating the linear fitting of the VOC near 

room temperature to 0 K. The devices with different MgxCd1-xTe barriers (structures A, B 

and C) share a nearly identical activation energy of 1.89 V while the device with lower 

MgxCd1-xTe barrier height (structure D) demonstrates an activation energy of 1.76 V. This 

characteristic can be explained by the following band edge alignment analysis and the 

formalism of the various recombination processes described above. 

 

5.3 Loss Mechanism Analysis 

Schematics of the band alignment of the solar cell structures based on Anderson's rule 

are shown in Fig. 5.6. The electron affinity [110,111] and bandgap [8,112] of a-Si:H, 

Figure 5.5 Temperature-dependent VOC measurements of 1.7-eV MgCdTe DH solar cells 

with structures A, B, C and D. The activation energies are obtained from the linear fitting 

of VOC near room temperature and extrapolating the fitting to 0 K. 
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MgxCd1-xTe barriers, and the Mg0.13Cd0.87Te absorber are summarized in Table 5.3. Fig. 

5.6 (a) and Fig. 5.6 (b) represent MgCdTe devices with 2.4-eV and 2.2-eV MgxCd1-xTe 

barriers, respectively. For both 2.4-eV and 2.2-eV MgxCd1-xTe barriers, the band alignment 

with the a-Si:H layer is type-I, i.e. the conduction band edge of the MgxCd1-xTe barriers is 

higher than that of the a-Si:H while their valence band edge is lower than that of the a-Si:H 

layer. In such a band structure, the transition time of free electrons in the conduction band 

from the MgxCd1-xTe barrier to the a-Si:H hole contact is much shorter than that of 

recombination processes in the bulk or at the interface. Therefore in the MgCdTe devices 

with structures A – C, photogenerated electrons in the MgxCd1-xTe top barrier would first 

transfer to the conduction band of a-Si:H with lower energy states and then recombine in 

the a-Si:H layer through thermionic emission, as described in Fig. 5.6 (a) and 5.6 (b). 

Previous study of the CdTe/MgCdTe DHs has also confirmed that surface recombination 

outside the DHs by electron thermionic emission overcoming the MgCdTe barrier is the 

major recombination mechanism [17]. The nearly identical activation energies of structures 

A - C are thus attributed to the bandgap of the a-Si:H, which is independent of the MgxCd1-

xTe barriers. These activation energies also indicate that the majority of recombination in 

the MgCdTe devices occurs in the a-Si:H layer, outside the DHs.  

Fig. 5.6 (c) depicts a MgCdTe device with 2.0-eV MgxCd1-xTe barriers. In this band 

structure, both the conduction band edge and valence band edge of the MgxCd1-xTe top 

barrier are lower than the corresponding band edges of the p-type a-Si:H layer, which has 

type-II algnment. Therefore, most of the photogenerated electrons in the 2.0-eV MgxCd1-

xTe top barrier recombine with holes at the p-type a-Si:H/i-MgxCd1-xTe interface, instead 

of transferring to the conduction band of the a-Si:H layer. This process is shown in Fig. 5.6 
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(c). The activation energy of this device with 2.0-eV MgxCd1-xTe barriers (structure D) is 

1.76 V, which is very close to the energy gap from the conduction band edge of the MgxCd1-

xTe top barrier to the valence band edge of the a-Si:H layer based on the band edge 

alignment. Therefore, the Ea extracted from the VOC measurements suggests the majority 

of recombination in the device with 2.0-eV MgxCd1-xTe barriers occurs at the p-type a-

Si:H/i-MgxCd1-xTe interface. Overall, due to the high quality Mg0.13Cd0.87Te absorber and 

Figure 5.6 Schematic band alignment of 1.7-eV MgCdTe DH solar cells with (a) 

structure A (2.4-eV Mg0.5Cd0.5Te barriers), (b) structure B and C (2.2-eV 

Mg0.37Cd0.63Te barriers) and (c) structure D (2.0-eV Mg0.28Cd0.72Te barriers). The major 

interface recombination mechanisms are illustrated using red arrows, with 

corresponding recombination activation energies.  
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i-MgxCd1-xTe/i-Mg0.13Cd0.87Te interface, the majority of recombination occurs outside the 

MgCdTe DHs in the four device types. This finding suggests a wider bandgap MgxCd1-xTe 

top barrier would effectively prevent the extra carriers from reaching the defective hole 

contact layer to recombine non-radiatively. 

To analyze the loss of the photocurrent in structure C, the reflectance and absorptance 

spectrum of each layer is calculated using the transfer matrix method and is presented in 

Fig. 5.7. The absorptance of the Mg0.13Cd0.87Te absorber layer closely resembles the 

measured EQE, indicating that the carrier collection efficiency in the solar cell is close to 

unity. In the simulated result, the light absorbed outside the absorber is assumed to be lost 

to non-radiative recombination. The i-MgxCd1-xTe top barrier and the p-type a-Si:H layer 

contribute 2.4 mA/cm2 and 1.3 mA/cm2 JSC loss, respectively. A wider bandgap p-type hole 

contact and MgxCd1-xTe top barrier layer are needed to reduce the parasitic absorption and 

further improve the JSC of the MgCdTe devices. Based on the discussion above, a wider 

bandgap of MgxCd1-xTe top barrier is proposed to enhance both the JSC and VOC of the 

devices. 

 

TABLE 5.3 Electron affinity and bandgap of each layer in the MgCdTe DH solar cells. 

Material Electron affinity (eV) Bandgap (eV) 

a-Si:H 3.90 1.89 

Mg0.28Cd0.72Te 3.94 2.01 

Mg0.37Cd0.63Te 3.80 2.18 

Mg0.5Cd0.5Te 3.66 2.43 

Mg0.13Cd0.87Te 4.15 1.74 
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In summary, a set of monocrystalline 1.7-eV MgCdTe DH solar cells with varying 

MgxCd1-xTe barrier heights has been demonstrated, among which a peak active-area 

efficiency of 15.2% is measured. The MgxCd1-xTe top barrier in the DH plays an important 

role by confining the electrons from the absorber and enabling the high VOC of the devices. 

The differing activation energies of the four structures reveal that the dominant 

recombination loss happens through electron thermionic emission in the a-Si:H layer or at 

the interface of the a-Si:H hole contact and MgxCd1-xTe top barrier, determined by the 

MgxCd1-xTe barrier height. Considering the 70:30 band offset ratio of the conduction and 

valence bands in MgCdTe [8], a MgxCd1-xTe bottom barrier with lower Mg composition 

will enhance the electron transport and increase the FF of the device. As demonstrated by 

the photocurrent loss analysis, the use of a larger-bandgap hole contact layer and a wider-

Figure 5.7 Calculated absorptance, transmittance, and reflectance spectra of a 

Mg0.13Cd0.87Te/Mg0.37Cd0.63Te DH solar cell, with measured EQE curve. The JSC losses 

consist of the reflectance (R) and the absorptance of each layer except 1.7-eV 

Mg0.13Cd0.87Te absorber. The transmittance is attributed to the absorption of CdTe buffer 

layer and InSb substrate. 
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bandgap MgxCd1-xTe top barrier can further reduce the parasitic light absorption and 

increase the JSC.  
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CHAPTER 6 

PROTON RADIATION STUDY FOR SPACE APPLICATIONS 

6.1 Introduction 

High-efficiency, light-weight and radiation-hard solar cells are highly desirable for 

space applications, especially the LEO satellites, which need even lower-cost components 

with acceptable performance due to their vast demand volume, on the order of many 

thousands of satellites. The demand of solar panels on other satellites will also become 

stronger due to the increasing interest and rapid innovation in electric propulsion, which 

offers higher specific impulse, reduces costs and enables new types of missions. For the 

CdTe material, a water-soluble lift-off technology for CdTe using MgTe sacrificial layer 

and monocrystalline 1.7-eV MgCdTe DH solar cells with an active area power conversion 

efficiency over 15% are developed and demonstrated in Chapter 5 and Chapter 6, 

respectively. The combination of these two technologies is expected to deliver high-

performance CdTe thin-film solar cells and MgCdTe/Si or MgCdTe/CIGS tandem solar 

cells with high-efficiency, high power density and much improved radiation hardness. 

Compared to the III-V devices, this approach and II-VI semiconductors have several 

advantages:  

i) II-VI materials, especially CdTe, show better performance than the traditional III-V 

materials in terms of radiation hardness and radiation damage recovery through room 

temperature annealing [113,114]. When efficiency of III-V and Si solar cells decreased to 

60% ~ 90% of the pre-irradiation value under the displacement damage dose of 5×1010 

MeV/g, the efficiency of CdTe solar cells even slightly increased, which exhibits a superior 

radiation hardness of the CdTe solar cells over the other III-V and Si cells [104]. 
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ii) CdTe single-junction solar cells have a similar theoretical limit of power conversion 

efficiency as that of GaAs counterpart but much smaller degradation under radiation.  

iii) Since the newly invented water-soluble lift-off process only uses water to etch 

away the MgTe sacrificial layer, the InSb substrate is intact and can be reused indefinitely, 

a substantial reduction of manufacturing cost. Commercial vendors have already 

demonstrated the scalability of InSb substrates up to 6 inch in diameter, enabling the high 

throughput and much reduced processing cost. 

The fundamental material physics for the difference in the radiation hardness between 

II-VI, and III-V and Si is because many defects in ionic materials, such as II-VI 

semiconductors, result in discrete energy levels in the conduction or the valence band, 

while the energy levels of the defects in covalent semiconductors, such as III-V and Si, are 

mainly in the middle of the forbidden gap and act as SRH non-recombination centers, 

which degrade the performance of minority carrier devices such as solar cells and 

photodetectors. Such behaviors have been also observed and confirmed in II-VI HgCdTe 

photodetectors and CdTe solar cells, both of which exhibit superior radiation hardness than 

conventional III-V or Si devices. The CdTe solar cells with rapid recovery through 

annealing can maintain the efficiency under radiation of ~ 1 MeV protons up to 1012 cm-2 

fluence [115]. Cd0.9Zn0.1Te shows even higher stability than CdTe [116]. 

In this chapter, the optical performance of the monocrystalline CdTe DHs under proton 

irradiation are demonstrated and analyzed.    
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6.2 Characterization of CdTe DHs After Proton Irradiation 

The conventional CdTe DH, which is shown in Fig. 6.1, are bombarded with stepwise 

63-MeV-protons at different fluence of 1.5×1011, 3.75×1011, 7.5×1011 and 1.5x1012 cm-2, 

which is equivalent to ionizing dose of 20, 50, 100 and 200 kRad(Si), respectively [117]. 

The samples are then characterized by using steady-state PL, TRPL and excitation intensity 

dependent PL. The laser wavelength is 532 nm. Optical density (OD) filters are used in 

intensity-dependent PL measurements. 

Fig. 6.2 shows the steady-state PL and TRPL spectra of a different set of the 

conventional CdTe/MgCdTe DH samples with proton irradiation at different doses. 

Compared with the reference sample without irradiation, the samples after proton 

irradiation at 20, 50 and 100 kRad(Si) show increased PL intensity of 164%, 136%, 114%, 

and increased PL decay time of 183%, 147%, 109%, respectively; while the sample after 

200 kRad(Si) radiation show decreased PL intensity and PL decay time of 12% and 40%, 

respectively. The PL peak intensity and the PL decay time of the samples are plotted 

Figure 6.1 Layer structure of the conventional CdTe/MgCdTe DH design for proton 

radiation test. 

 



 

 
81 

together with the proton total ionizing dose, as shown in Fig. 6.3. The almost identical 

trends of the PL peak and the PL decay time indicate that the changes of the optical 

performance of the CdTe irradiated samples is mainly due to the changes of the minority 

carrier lifetime. With the increased minority carrier lifetime, the devices based on the CdTe 

DHs would exhibit a increased VOC and resulted a higher power conversion efficiency, 

under the 68-MeV proton irradiation below 100 krad(Si). This interesting finding is 

attributed to the effect of the additional defects generated by proton radiation. When the 

radiation defect density is relatively low, the increased localization and reduced mobility 

of photogenerated carriers would hinder the carriers from reaching to Shockley-Read-Hall 

(SRH) centers to recombine non-radiatively. It is also possibly because the energy levels 

of some of the radiation defects are inside either the conduction band or the valence band, 

and thus do not act as SRH centers. Similar effect has been observed in polycrystalline 

CdTe solar cells [104]. 

Figure 6.2 (a) Steady-state PL and, (b) TRPL spectra of CdTe/MgCdTe DH samples with 

proton irradiation at different doses.   

 

(a) (b)
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Excitation-density-dependent PL measurements are further carried out to study the 

defects generated by proton irradiation. The PL spectra of CdTe/MgCdTe DH samples with 

0, 20 and 200-kRad(Si) proton irradiation are shown in Fig. 6.4 (a), 6.4 (b) and 6.4 (c), 

respectively. The bandgap emission intensity in the PL spectra increases as the light 

excitation density increases in all three samples. In addition to the bandgap emission peak, 

some sub-bandgap peaks are observed in the proton-irradiated samples, while these peaks 

are not significant in the sample without proton irradiation. In the proton-irradiated samples, 

the sub-bandgap peaks gradually saturate with the increased excitation density. These 

behaviors confirm that shallow defects energy levels are introduced by proton radiation. 

Furthermore, the sub-bandgap peaks move towards a longer wavelength with the increased 

irradiation dose, indicating that a higher dose of irradiation could cause defects at deeper 

Figure 6.3 PL peak intensity and PL decay time of CdTe/MgCdTe DH samples with 

proton irradiation at different doses.   
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energy levels. It is worth pointing out that there is no PL observable beyond 1 m, 

indicating there are fewer optically-active deep levels in the CdTe absorber, which is 

consistent with some theoretical predictions. Our findings have thus further confirmed that 

the CdTe/MgCdTe DH thin-film solar cells have superior proton radiation hardness and 

are suitable for space applications.  

 

 

Figure 6.4 Excitation-density-dependent PL spectra of CdTe/MgCdTe DH samples with 

ionizing dose of (a) 0, (b) 20 and, (c) 200 kRad(Si) proton irradiation.   
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6.3 Future Work 

Even though some hypotheses explain the reason of the better radiation hardness of II-

VI materials than III-VI and Si is that many defects in ionic materials result in discrete 

energy levels in the conduction or the valence band, there’s no experimental evidence to 

support the theory. This is a good opportunity to do the pressure-dependent PL 

measurements on the proton-irradiated CdTe DH samples.  

As shown in Fig. 6.5 schematically, defect states introduced by the proton radiation in 

the CdTe absorber are typically above the conduction band edge under the atmospheric 

pressure. Under hydrostatic pressure, the bandgap energy of the CdTe layer increases, 

while the defect states remain at the same energy and eventually enter the forbidden gap 

due to their very localized wavefunctions. Then quenching of the PL happens when the 

defect states in the forbidden gap act as SRH recombination centers. If the assumption is 

correct, the integrated PL intensity is expected to increase first and then decrease with the 

pressure. Based on the bandgap change of the CdTe under the pressure, the energy level of 

Figure 6.5 A schematic band edge diagram for a CdTe layer showing defect states above 

the conduction band edge. Under hydrostatic pressure the bandgap energy of the CdTe 

increases, while the defect states remain at the same energy and enter the forbidden gap, 

quenching the photoluminescence. 
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these defect states can also be calculated. Comparing the pressure-dependent PL 

measurements on the CdTe samples under different proton irradiation doses can further 

reveal the energy level of the defect states introduced by proton radiation. This experiment 

will be very informative and allow us to estimate the defect states inside conduction band 

and to compare that with the theoretical predictions. Similar pressure-dependent PL 

experiments under hydrostatic pressure up to 2.16 GPa was conducted on a Ga-free 

InAs/InAsSb type-II superlattice structure [118]. A defect level situated at 0.18 ± 0.01 eV 

above the conduction band edge of InAs at ambient pressure was detected.    

Besides the pressure-dependent PL measurements, the CdTe DH solar cell 

performance under the proton irradiation can be studied. With the plot of VOC, JSC, FF and 

efficiency versus proton total ionizing dose, the superior radiation hardness of the CdTe 

devices can be further confirmed. 
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CHAPTER 7 

CONCLUSION AND OUTLOOK 

The monocrystalline CdTe DH solar cells are grown on InSb substrates. The vertical 

carrier transport across CdTe and InSb heterovalent interface is first studied. The N-

CdTe/n-InSb heterojunctions show ohmic behavior with small resistance from the room 

temperature to 160 K, which is an ideal electron contact for CdTe DH solar cells. The 

dominated transport process is the electron tunneling through the CdTe barrier. In N-

CdTe/p-InSb heterojunctions, the G-R process in the InSb depletion region is the major 

transport mechanism at lower temperature while the electron tunneling over the CdTe 

barrier starts to become a factor as temperature increases.  

Despite of the “remote junction” design used for the CdTe DH solar cells, which in 

theory the material quality of the hole contact makes little impact on the device 

performance, the band edge alignment, lattice mismatch, atomic diffusion, etc. between the 

hole contact and the monocrystalline CdTe absorber need to be considered seriously in the 

real applications. For the CdTe DH with a ZnTe:Cu hole contact, the dopant Cu in the hole 

contact layer would diffuse into the n-type CdTe absorber, suppressing the donor 

concentration and reduce the Vbi and VOC. For ZnTe:As hole contact, some misfit 

dislocations are generated at the ZnTe/MgCdTe interface due to the lattice mismatch and 

penetrate into the absorber region, serving as non-radiative recombination centers, 

shortening the minority carrier lifetime and leading to a low VOC. The C-V, TRPL, PLQE 

and temperature-dependent VOC measurements can be used to determine the Vbi, minority 

carrier lifetime, iVOC and activation energy of the devices, respectively, which are helpful 

to diagnose the loss of the VOC. 
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Besides understanding the CdTe DH solar cells, the applications in thin-film solar cells 

and tandem solar cells are demonstrated and discussed in this dissertation, enabled by a 

novel ELO technology for monocrystalline CdTe. By using a nearly lattice-matched and 

water-soluble MgTe as a sacrificial layer, the intact CdTe DH thin films can be obtained 

with the enhanced optical performance. A monocrystalline CdTe thin-film solar cell is 

fabricated with 9.8% power conversion efficiency. The future work is to further optimize 

the thin-film solar cell structure and demonstrate a CdTe thin-film device with record VOC 

and efficiency. For tandem application, a monocrystalline 1.7-eV MgCdTe DH solar cell 

with an active-area efficiency of 15.2% is demonstrated. Based on the loss analysis of the 

MgCdTe solar cells, the performance of the MgCdTe devices can be further improved by 

changing the MgCdTe barriers’ height and replacing the absorptive a-Si:H hole contact. 

By incorporating the ELO technology, a tandem solar cell consisting of a MgCdTe top 

subcell with a 1.7-eV bandgap and a silicon or CIGS bottom subcell with a 1.1-eV bandgap 

is ready to be developed. The CdTe DHs also show superior proton radiation hardness, 

indicating the light weight, high-efficiency and high power density monocrystalline CdTe 

thin-film solar cells are suitable for space applications.  
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