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Abstract — Monocrystalline 1.7-eV Mgo.13Cdos7Te/MgxCdixTe (X > 0.13) double-heterostructure (DH) solar cells
with varying Mg composition in the barrier layers are grown by molecular beam epitaxy. A
Mgo.13Cdos7Te/Mgo.37CdossTe DH solar cell featuring abrupt interfaces between barriers and absorber and the addition
of a SiO; anti-reflective coating demonstrates open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and device active-area efficiencies up to 1.129 V, 17.3 mA/cm?, 77.7% and 15.2%, respectively. The Voc and
FF vary oppositely with the MgxCd;xTe barrier height indicating an optimal design of the MgCdTe DHs as a trade-
off between carrier confinement and carrier transport. Temperature-dependent Voc measurements reveal the majority
of carrier recombination in the devices occurs outside the DHs, in the a-Si:H hole-contact layer and at the interface
between the a-Si:H layer and the MgxCdi.xTe top barrier at room temperature. Simulation results for the device with
the highest efficiency show that the p-type a-Si:H layer and Mgo37Cdos3Te top barrier contribute 1.3 mA/cm? and 2.4
mA/cm? Jsc loss, respectively.

I. INTRODUCTION

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 Cu(In,Ga)Se, (CIGS) bottom subcell has a theoretical conversion efficiency up to
43%.! 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,> Mgy 13Cdos7Te is stable, low-cost, radiation-hard®’ and has
a high absorption coefficient near the band edge,® making it an excellent candidate for the top subcell. Following the
“remote junction” design of monocrystalline CdTe solar cells with a p-type hydrogenated amorphous silicon (a-Si:H)
layer outside a CdTe/MgCdTe double heterostructure (DH),>!° high quality Mg 13Cdo s7Te/MgxCdixTe (x > 0.13)
DHs are designed and grown on nearly lattice-matched InSb(001) substrates using molecular beam epitaxy (MBE).
The Mgo.13Cdos7Te/MgxCdixTe 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.!! 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.'>!* 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.
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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.!! In this work, an anti-reflective coating (ARC) layer and a thicker absorber
are employed to increase the light absorption. Carrier transport studies are conducted on these solar cells with varying
MgxCd1xTe 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 (Js¢) are further analyzed using

temperature-dependent ¥Voc measurements and solar cell absorption simulations.

II. DEVICE STRUCTURE

The layer structure of the 1.7-eV MgCdTe DH solar cells studied in this work is shown in Fig. 1 and consists of
a MBE-grown, unintentionally doped Mgo.13Cdo.s7Te/MgxCdixTe (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 1x10'® cm, a 50 nm thick
indium tin oxide (ITO) current spreading layer, a Ag top contact, and a 75 nm thick SiO, ARC layer. The
unintentionally doped intrinsic Mg 13Cdos7Te (i-MgCdTe) absorber shows n-type behavior with an electron
concentration of 103 cm™. More details of the device design and processing can be found in a previous publication.’
This design takes advantage of the “remote junction” structure in which the top MgxCdixTe 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 MgxCdixTe/Mgo13Cdos7Te interfaces are greatly suppressed as a result of very low defect density and the
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Fig. 1. Schematic layer structure of the 1.7-eV MgCdTe DH solar cells. The details of Mgo.13Cdo.s7Te absorber thickness (d),
Mg composition in the MgxCdixTe barrier layers, interface type between absorber and barriers, and ARC layer are listed in
Table L.



low electron density at the a-Si:H/MgxCdi.xTe interface. Therefore, long minority carrier lifetime and high Voc have
been achieved.

Table I lists the four Mg 13Cdo s7Te/MgxCd1xTe DHs grown and studied in this work. Structure A is a previously
studied design with an absorber thickness of 0.5 um.!! It features two 30 nm 50% Mg (E; = 2.4 €V) 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 with a 1.2 um thick absorber
and an additional 75 nm SiO» ARC layer. Structures B and C feature two 30 nm 37% Mg (E; = 2.2 eV) barriers with
abrupt interfaces between barrier and absorber in structure C, and 36 nm graded layers in Sample B. Structure D
features two 30 nm 28% Mg (E; = 2.0 eV) barriers with abrupt interfaces. From structure A to D, the samples trend
towards lower barrier height of the MgxCdixTe layers. Graded MgCdTe barriers are grown by linearly ramping the
Mg effusion cell over 36 nm on each side of the 30 nm barrier, resulting in an exponential Mg composition gradient
from 13% Mg to 50% and 37% Mg for structures A and B, respectively. Abrupt 30 nm thick barriers with 37% and
28% Mg are grown in structures C and D respectively by opening and closing the Mg effusion cell shutter at constant
Mg cell temperature. The barrier compositions and thickness are measured by dynamical diffraction simulations of
coupled ®-26 X-ray diffraction scans of the (004) crystal plane. The band diagram for graded barrier structure A is

published in previous work.!!

TABLE I. Barrier composition, absorber layer thickness, and absorber/barrier interface type for 1.7-eV MgCdTe
DH solar cells.

Sample ARC

structures  MgxCdixTe barrier  Absorber thickness  Absorber interfaces layer
A 2.4 eV Mgos0CdosoTe 0.50 um Graded No

B 2.2 eV Mgo37CdossTe 1.2 um Graded Yes

C 2.2 eV Mgo37CdossTe 1.2 ym Abrupt Yes

D 2.0 eV Mgo2sCdo72Te 1.2 ym Abrupt Yes

III. DEVICE CHARACTERIZATION

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. 2 compares the Voc, Jsc, fill factor (FF), and power conversion efficiency
(1) of these devices. The Voc values of these samples trend down with the lowering barrier height. Higher MgxCd.

1€ barriers result in increased confinement of the photogenerated electrons and holes in the Mg 13Cdo s7Te absorber.



Non-radiative recombination outside the DH is thus suppressed and the effective carrier lifetime, quasi-Fermi level
splitting, and Vo are thereby increased. Comparing structures B and C demonstrates that the abrupt interface between
MgxCd1xTe top barrier and Mgy 13Cdos7Te 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: 1) the thickness of the absorber from 500 nm (A) to 1200 nm (B-D); and ii) the addition of the 75 nm SiO,
ARC layer. It is worth noting that the measured Jsc, and consequently 1, of structure C has a large error bar due to the

uncertainty of device area measurements.
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Fig. 2. (a) Open-circuit voltage Voc, (b) short-circuit current Jsc, (c) fill factor FF, and (d) power conversion efficiency # 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
MgxCdixTe layers.

The FF increases from structure A to D. This trend is inversely proportional to the barrier height and thickness
of the MgxCd:«Te 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 reduction in barrier height and thickness leads to improved carrier transport across the barrier layers and thus a
higher FF. The selection of MgxCdi.«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®® of the device, which gives an efficiency of
15.2%. The corresponding J-V curve and EQE spectrum are shown in Fig. 3. It is noted that if this cell is integrated
with a 21.2% efficiency Si solar cell'* by a two-terminal connection, a boost of efficiency to 24% is expected based
on our simulation results shown in Table Il, demonstrating the great potential of two-terminal MgCdTe/Si tandem

solar cells proposed in the introduction.
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Fig. 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 Il. 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. Vimpy and Jmpp refer to the maximum power point
voltage and current density, respectively.

Devices Voc (V)  Jsc (MA/cm?) FF (%) Efficiency (%)  Vmpp (V) Jmpp (MA/CM?)
1.7-eV MgCdTe 1.129 17.3 7.7 15.2 0.94 16.1
Si subcell* 0.687 38.5 80.3 21.2 0.585 36.29
Tandem 243 1.49 16.31

IV. CARRIER RECOMBINATION ANALYSIS

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 recombination rate model including: The radiative recombination rate (R"%%) in the Mg 13Cdos7Te absorber,

the Shockley-Read-Hall (SRH) recombination rates in the depletion region (R%y) and in the quasi-neutral region
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Fig. 4. Energy band diagram of a simulated 1.7-eV MgCdTe DH solar cell with different recombination processes. (a) Case I:
Larger bandgap of i-MgxCdi-xTe barriers forms type-1 alignment of p-contact/i-MgxCdi-xTe. (b) Case Il: Smaller bandgap of i-
MgxCd1xTe barriers forms type-I1 alignment of p-contact/i-MgxCd1.xTe. R™t represents the effective interface recombination
rate either in the a-Si:H hole contact layer (case 1) or at the a-Si:H/MgxCdixTe interface (case Il), R is the radiative
recombination rate in the Mgo13CdosrTe absorber, and R&,, and Rg;‘H are Shockley-Read-Hall (SRH) recombination rates in
the depletion region and in the quasi-neutral region, respectively.
(RI,)), and the effective interface recombination rate (R™) either in the a-Si:H hole contact layer (case I) or at the a-
Si:H/Mg.Cd,«Te interface (case Il) are quantified, and these recombination processes are considered as the possible
main recombination mechanisms. Recombination at the Mg,Cd,«Te/Mgo.13Cdog7Te interface is neglected due to the
nearly lattice-matched interface with very low defect density*®. Fig. 4 shows the energy band diagram of a simulated
MgCdTe DH device with different recombination mechanisms. Fig. 4a features MgxCd1«Te barrier layers with greater
Mg composition and a higher barrier while Fig. 4b 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;6-19
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where d, 7,.,, n;, and N, are the thickness, minority carrier lifetime, intrinsic carrier concentration and doping
concentration of the hole contact, respectively. S, is the interface recombination velocity, N, is the effective density

of states of the conduction band in the MgxCdi.xTe barrier layer, and ¢, is the potential barrier for electrons at the



interface as labeled in Fig. 5b. The SRH recombination rates in the depletion region and in the quasi-neutral region

are given as:
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where W and W, represent the width of the absorber and the depletion region, respectively, and 7, and 7, are time
constants related to the trap density (N;) and capture cross-section for electrons (ag,) and holes (ay,), with 7, =
(Neovep)~tand 1, = (N.opve) L. vey, is the average thermal velocity of charge carriers and N;, and n; are the n-
type doping concentration and intrinsic carrier concentration in the absorber, respectively. The radiative recombination

rate in the Mgo.13Cdo g7 Te absorber is given as:
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where y is the photon recycling factor?® and B is the radiative recombination coefficient?! 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

G, W in the absorber is equal to the total recombination rate R, leading to the following equation:
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Assuming 4G, W > 1, which is reasonable based on (5) since the Voc values of these solar cells

are higher than 1 V, (6) can be simplified to:
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Since a nearly linear relationship of the Voc with T is observed near room temperature, the activation energy of

. . . . E, av,
recombination (E,) can be obtained using the formula V,, = 7“+ T- d;c. Therefore, based on (7), E, can be
expressed as:
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where @p,, Eg q—si and Eg ygcare are the specific recombination activation energies at the p-contact/i-MgxCdi.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, E,, 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. The Voc meaurements
are performed using a cryogenic manipulated probe station with a custom designed window for solar illumination. 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.?? 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 (9),
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Fig. 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.



The activation energy can be obtained from extrapolating the linear fitting of the Voc near room temperature to 0 K.
The devices with different MgxCd;.xTe barriers (structures A, B and C) share a nearly identical activation energy of
1.89 V while the device with lower MgxCd;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.

Schematics of the band alignment of the solar cell structures based on Anderson's rule are shown in Fig. 6. The
electron affinity?>2* and bandgap?®2® of a-Si:H, MgxCdy.xTe barriers, and the Mgy 13Cdo s7Te absorber are summarized
in Table I1l. Fig. 6a and Fig. 6b represent MgCdTe devices with 2.4-eV and 2.2-eV MgxCd;xTe barriers, respectively.
For both 2.4-eV and 2.2-eV MgxCdi.<Te barriers, the band alignment with the a-Si:H layer is type-I, i.e. the conduction
band edge of the Mg«Cdi.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
MgxCdixTe 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 MgxCdixTe
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. 6a and 6b. 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'®. 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 MgxCdi.xTe barriers. These activation energies

also indicate the majority of recombination in the MgCdTe devices occurs in the a-Si:H layer, outside the DHs.

TABLE IlI. Electron affinity and bandgap of each layer in the MgCdTe DH solar cells.

Material Electron affinity (V) Bandgap (eV)

a-Si:H 3.90 1.89
Mgo.28Cdo.72Te 3.94 2.01
Mgo.37CdoesTe 3.80 2.18

MgosCdosTe 3.66 2.43
Mgo.13Cdos7Te 4.15 1.74




Fig. 6¢ depicts a MgCdTe device with 2.0-eV MgyxCdi.xTe barriers. In this band structure, both the conduction
band edge and valence band edge of the MgxCdixTe top barrier are lower than the corresponding band edges of the
p-type a-Si:H layer, which has type-Il algnment. Therefore, most of the photogenerated electrons in the 2.0-eV
MgxCd;xTe top barrier recombine with holes at the p-type a-Si:H/i-MgxCdi.xTe interface, instead of transferring to
the conduction band of the a-Si:H layer. This process is shown in Fig. 6¢. The activation energy of this device with
2.0-eV MgxCdi.<Te barriers (structure D) is 1.76 V, which is very close to the energy gap from the conduction band
edge of the MgxCdi«Te top barrier to the valence band edge of the a-Si:H layer based on the band edge alignment.
Therefore, the E, extracted from the Voc measurements suggests the majority of recombination in the device with 2.0-
eV MgxCdi«Te barriers occurs at the p-type a-Si:H/i-MgxCdixTe interface. Overall, due to the high quality
Mgo.13Cdo s7Te absorber and i-MgxCd1xTe/i-Mgo.13Cdo s7Te interface, the majority of recombination occurs outside
the MgCdTe DHs in the four device types. This finding suggests a wider bandgap MgxCdi.xTe top barrier would

effectively prevent the extra carriers from reaching the defective hole contact layer to recombine non-radiatively.
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Fig. 6. Schematic band alignment of 1.7-eV MgCdTe DH solar cells with (a) structure A (2.4-eV Mgo.sCdo.sTe barriers), (b)
structure B and C (2.2-eV Mgo37Cdos3Te barriers) and (c) structure D (2.0-eV Mgo.2sCdo.72Te barriers). The major interface
recombination mechanisms are illustrated using red arrows, with corresponding recombination activation energies.

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. 7. The absorptance of the Mgy 13Cdo 37Te 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-Mg,Cd;«Te top barrier and the p-type a-Si:H layer contribute 2.4 mA/cm? and 1.3 mA/cm? Jsc

loss, respectively. A wider bandgap p-type hole contact and MgyCd,«Te top barrier layer are needed to reduce the

10



parasitic absorption and further improve the Jsc of the MgCdTe devices. Based on the discussion above, a wider
bandgap of Mg.Cd;«Te top barrier is proposed to enhance both the Jsc and Voc of the devices.
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Fig. 7. Calculated absorptance, transmittance, and reflectance spectra of a Mgo.13Cdo.s7Te/Mgo.37Cdo.s3Te 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 Mgo.13Cdo.s7Te
absorber. The transmittance is attributed to the absorption of CdTe buffer layer and InSb substrate.

V. CONCLUSION

In summary, a set of monocrystalline 1.7-eV MgCdTe DH solar cells with varying MgxCdi.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 occurs
through electron thermionic emission in the a-Si:H layer or at the interface of the a-Si:H hole contact and MgxCdixTe
top barrier, and the recombination rate is determined by the MgxCdixTe barrier height. Considering the 70:30 band
offset ratio of the conduction and valence bands in MgCdTe,” a MgxCdi.xTe bottom barrier with lower Mg
composition will enhance the electron transport and increase the FF of the device. The photocurrent loss analysis
indicates the use of a larger-bandgap hole contact layer and a wider-bandgap MgxCdi.xTe top barrier will further

reduce the parasitic light absorption and increase the Jsc.
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