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A multi-junction photovoltaic cell includes a substrate and a 
back contact layer formed on the substrate. A loW bandgap 
Group lB-lllB-VIB2 material solar absorber layer is formed 
on the back contact layer. A heterojunction partner layer is 
formed on the loW bandgap solar absorber layer; to help form 
the bottom cell junction; and the heterojunction partner layer 
includes at least one layer of a high resistivity material having 
a resistivity of at least 100 ohms-centimeter. The high resis 
tivity material has the formula (Zn and/or Mg)(S; Se; 0; 
and/or OH). A conductive interconnect layer is formed above 
the heterojunction partner layer; and at least one additional 
single-junction photovoltaic cell is formed on the conductive 
interconnect layer; as a top cell. The top cell may have an 
amorphous Silicon or p-type Cadmium Selenide solar 
absorber layer. Cadmium Selenide may be converted from 
n-type to p-type With a chloride doping process. 
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HYBRID MULTI-JU NC TION PHOTOVOLTAIC 
CELLS AND ASSOCIATED METHODS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims bene?t of priority of US. 
Provisional Patent Application Ser. No. 60/950,087 ?led 16 
Jul. 2007, US. Provisional Patent Application Ser. No. 
60/956,107 ?led 15 Aug. 2007, and US. Provisional Patent 
Application Ser. No. 61/031,652 ?led 26 Feb. 2008.All ofthe 
aforementioned applications are hereby incorporated herein 
by reference. 

U.S. GOVERNMENT RIGHTS 

[0002] Certain claims With this invention Were made With 
Government support under Advanced Technical Program 
Grant No. 70NANB8H4070 aWarded by the United States 
Department of Commerce (NIST), and a Small-Business 
Innovative Research program contract No. FA9453-03-C 
0216 aWarded by the United States Department of Defense. 
The Government has certain rights in this invention. 

BACKGROUND 

[0003] Photovoltaic cells convert electromagnetic energy 
(e.g., sunlight) into an electric current; accordingly, they are 
commonly used to provide electric poWer in a diverse range of 
applications. For example, photovoltaic cells may be incor 
porated in and provide electric poWer for devices as diverse as 
hand-held calculators and space vehicles. 
[0004] Photovoltaic cells having a variety of characteristics 
have been developed. One class of photovoltaic cells that is 
currently the subject of signi?cant research is the thin-?lm 
class. Thin-?lm photovoltaic cells include a plurality of layers 
of thin ?lms formed on a substrate. 

[0005] As mentioned above, photovoltaic cells (e.g., thin 
?lm photovoltaic cells) may be operated from sunlight. Sun 
light generally includes a plurality of colors of light, includ 
ing light in the infrared and near ultraviolet bands, Where each 
color of light has a different energy. For example, blue light 
has greater energy per photon than red light. 
[0006] It is knoWn that absorption of light in a photovoltaic 
cell typically requires that each photon have energy greater 
than the bandgap energy of the absorbing material, such that 
carriers can be excited into the free or nearly free carrier 
bands (conduction and valence) in the absorbing material. 
These carriers then move to appropriate sides of the junction, 
providing an output voltage and current. Absorbed photon 
energy in excess of this bandgap energy is usually Wasted in 
that additional carriers are not alWays generated. Semicon 
ductor materials that have electrons as the dominant free 
carriers are de?ned as n-type materials, and materials that 
have holes, or the absence of an electron, as the dominant free 
carriers are de?ned as p-type materials. 

[0007] The maximum output voltage of the cell is related to 
the bandgap of the materials used to form the junction. For 
example, higher bandgap materials can provide higher output 
voltages. As a result, photovoltaic cells optimiZed to absorb 
long Wavelength, or loW energy, photons Will also absorb 
short-Wavelength photons, but Will Waste much energy by 
producing a loWer output voltage than attainable With cells 
optimiZed to absorb the short Wavelength, high energy, pho 
tons. 
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[0008] A photovoltaic cell optimiZed to absorb short Wave 
length, e.g. blue, light Will fail to e?iciently absorb long 
Wavelength, or red and infrared, light because the bandgap of 
the material is greater than the available energy in each pho 
ton, and therefore, photons are not absorbed and carriers are 
not promoted into the conduction. 

SUMMARY 

[0009] In an embodiment, a photovoltaic cell includes a 
transparent conductor layer, a ?rst heterojunction partner 
layer, a p-type Cadmium Selenide layer in contact With the 
?rst heterojunction partner layer, and a ?rst electrical contact 
layer. 
[0010] In an embodiment, a hybrid multi-junction photo 
voltaic cell includes a substrate for providing mechanical 
support for the photovoltaic cell. The substrate is a polymer 
substrate. A back contact layer is formed on the substrate, and 
a bottom solar absorber layer is formed on the back contact 
layer. The bottom solar absorber layer includes one of the 
folloWing materials: a loW bandgap Group IB-IIIB-VIB2 
material having bulk p-type character, and an alloy of a loW 
bandgap Group IB-IIIB-VIB2 material having bulk p-type 
character. A heterojunction partner layer is formed on the 
bottom solar absorber layer, and a layer of p-type semicon 
ductor is formed above the heterojunction partner layer. A 
layer of intrinsic semiconductor is formed on the layer of 
p-type semiconductor, and a layer of n-type semiconductor is 
formed on the layer of intrinsic semiconductor. 
[0011] In an embodiment, a module of a plurality of hybrid 
multi-junction photovoltaic cells includes a substrate for pro 
viding mechanical support for the photovoltaic cells and a 
back contact layer formed on the substrate. A bottom solar 
absorber layer is formed on the back contact layer, and the 
bottom solar absorber layer includes one of the folloWing 
materials: a loW bandgap Group IB-IIIB-VIB2 material hav 
ing bulk p-type character, and an alloy of a loW bandgap 
Group IB-IIIB-VIB2 material having bulk p-type character. 
An n-type heterojunction partner layer is formed on the bot 
tom solar absorber layer, and a contact layer of p-type semi 
conductor is formed above the heterojunction partner layer. A 
primary solar absorber layer is formed on the contact layer of 
p-type semiconductor, and the primary solar absorber layer is 
formed of an intrinsic semiconductor or a p-type semicon 
ductor. A layer of n-type semiconductor is formed on the 
primary solar absorber layer, and a top contact layer is formed 
on the layer of n-type semiconductor. At least one ?rst isolat 
ing scribe extends at least from a top surface of the layer of 
n-type semiconductor to a top surface of the substrate, and the 
?rst isolating scribe is ?lled With an insulating material. At 
least one connecting scribe extends at least from the top 
surface of the layer of n-type semiconductor to a top surface 
of the back contact layer, and the connecting scribe is ?lled 
With a conductive material. At least one second isolating 
scribe extends at least from a top surface of the top contact 
layer to a top surface of the bottom solar absorber layer. 
[0012] In an embodiment, a multi-junction photovoltaic 
cell includes a substrate for providing mechanical support for 
the photovoltaic cell and a back contact layer formed on the 
substrate. A solar absorber layer is formed on the back contact 
layer, and the solar absorber layer is formed of a loW bandgap 
Group IB-IIIB-VIB2 material having bulk p-type character. A 
heterojunction partner layer is formed on the solar absorber 
layer, and the heterojunction partner layer includes at least 
one layer of a high resistivity material having a resistivity of 
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at least 100 ohms-centimeter. The high resistivity material 
has the formula (Zn and/or Mg)(S, Se, O, and/or OH). A 
conductive interconnect layer is formed above the hetero 
junction partner layer, and at least one additional single 
junction photovoltaic cell is formed on the conductive inter 
connect layer. 
[0013] In an embodiment, a method of making a p-type 
Cadmium Selenide semiconductor material includes depos 
iting a layer of Cadmium Selenide and coating the layer of 
Cadmium Selenide With a solution. The solution includes a 
solvent and at least one of the folloWing chlorides: chlorides 
of Group IA elements, chlorides of group IB elements, and 
chlorides of Group IIIB elements. The coated layer of Cad 
mium Selenide is heated in an environment having an ambi 
ent temperature of betWeen 300 and 500 degrees Celsius for 
a time betWeen three and thirty minutes While at least partially 
preventing the evaporation of Selenium from the coated layer 
of Cadmium Selenide. 
[0014] In an embodiment, a method of making a photovol 
taic device includes depositing a contact layer, depositing a 
layer of Cadmium Selenide, and coating the layer of Cad 
mium Selenide With a solution. The solution includes a sol 
vent and at least one of the folloWing chlorides: chlorides of 
Group IA elements, chlorides of group IB elements, and 
chlorides of Group IIIB elements. The coated layer of Cad 
mium Selenide is heated in an environment having an ambi 
ent temperature of betWeen 300 and 500 degrees Celsius for 
a time betWeen three and thirty minutes While at least partially 
preventing the evaporation of Selenium from the coated layer 
of Cadmium Selenide. A heterojunction partner layer is 
deposited, and a transparent conductor layer is deposited. 
[0015] In an embodiment, a method of making a photovol 
taic device includes depositing a transparent conductor layer, 
depositing a heterojunction partner layer, and depositing a 
layer of Cadmium Selenide. The layer of Cadmium Selenide 
is coated With a solution including a solvent and at least one 
of the folloWing chlorides: chlorides of Group IA elements, 
chlorides of group IB elements, and chlorides of Group IIIB 
elements. The coated layer of Cadmium Selenide is heated in 
an environment having an ambient temperature of betWeen 
300 and 500 degrees Celsius for a time betWeen three and 
thirty minutes While at least partially preventing the evapora 
tion of Selenium from the coated layer of Cadmium Selenide. 
A contact layer is deposited. 
[0016] In an embodiment, a process for forming a hybrid 
multi-junction photovoltaic cell includes forming a ?rst 
single-junction photovoltaic cell on a substrate. The step of 
forming the ?rst single-junction photovolatic cell includes: 
(1) forming a ?rst back contact layer on the substrate, (2) 
forming a ?rst solar absorber layer on the back contact layer, 
the ?rst solar absorber layer being formed of a loW bandgap 
Group IB-IIIB-VIB2 material having bulk p-type character, 
and (3) forming a ?rst heteroj unction partner layer on the ?rst 
solar absorber layer, the ?rst heterojunction partner layer 
including at least one layer of a high resistivity material 
having a resistivity of at least 100 ohms-centimeter, the high 
resistivity material being a material having the formula (Zn 
and/ or Mg)(S, Se, O, and/or OH). A conductive interconnect 
layer is formed above the ?rst heterojunction partner layer of 
the ?rst single-junction photovoltaic cell. At least one addi 
tional single-junction photovoltaic cell is formed above the 
conductive interconnect layer. 

BRIEF DESCRIPTION OF DRAWINGS 

[0017] FIG. 1 is a top perspective vieW of one module of 
photovoltaic cells, in accordance With one embodiment. 
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[0018] FIG. 2 is a cross sectional vieW of one photovoltaic 
cell, in accordance With one embodiment. 
[0019] FIG. 3 is a cross sectional vieW of one tWo-junction 
photovoltaic cell, in accordance With one embodiment. 
[0020] FIG. 4 is a cross sectional vieW of one three-junction 
photovoltaic cell, in accordance With one embodiment. 
[0021] FIG. 5 is a graph of idealiZed spectral response 
versus Wavelength of electromagnetic energy of an embodi 
ment of the photovoltaic cell of FIG. 3. 
[0022] FIG. 6 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell, in accordance With one embodiment. 
[0023] FIG. 7 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell, in accordance With one embodiment. 
[0024] FIG. 8 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell, in accordance With one embodiment. 
[0025] FIG. 9 is a cross sectional vieW of a plurality of 
multi-junction photovoltaic cells monolithically integrated 
onto a common substrate, in accordance With one embodi 
ment. 

[0026] FIG. 10 shoWs one method of converting n-type 
Cadmium Selenide to p-type Cadmium Selenide, in accor 
dance With one embodiment. 
[0027] FIG. 11 is a cross sectional vieW of one tWo-junction 
photovoltaic cell, in accordance With one embodiment. 
[0028] FIG. 12 is a cross sectional vieW of one tWo-junction 
photovoltaic cell, in accordance With one embodiment. 
[0029] FIGS. 13 and 14 shoW one method of fabricating the 
photovoltaic cell of FIG. 11, in accordance With one embodi 
ment. 

[0030] FIGS. 15 and 16 shoW one method of fabricating the 
photovoltaic cell of FIG. 12, in accordance With one embodi 
ment. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0031] It is noted that, for purposes of illustrative clarity, 
certain elements in the draWings may not be draWn to scale. 
Speci?c instances of an item may be referred to by use of a 
numeral in parentheses (e. g., photovoltaic cell 108(1)) While 
numerals Without parentheses refer to any such item (e.g., 
photovoltaic cells 108). 
[0032] FIG. 1 is a top perspective vieW of one module 100 
of photovoltaic cells 108. Although module 100 is illustrated 
as having six photovoltaic cells 108, module 100 may have 
any quantity of photovoltaic cells. Furthermore, although 
photovoltaic cells 108 are illustrated in FIG. 1 as having a 
rectangular shape, photovoltaic cells 108 can have other 
shapes (e.g., a square or circle). Photovoltaic cells 108 are 
operable to convert electromagnetic energy 102 (e.g., sun 
light) into an electric current. If module 100 includes several 
photovoltaic cells 108, the cells may be electrically connected 
in series to increase the voltage of module 100, in parallel to 
increase the maximum current capability of module 100, or in 
combinations of parallel and series to increase both the volt 
age and maximum current capability of module 100. The 
electric current generated by photovoltaic cells 108 is acces 
sible via electrical terminals 104 and 106. 
[0033] Photovoltaic cells 108 are thin-?lm photovoltaic 
cells; that is, photovoltaic cells 108 are formed of a plurality 
of thin-?lm layers on a substrate. In embodiments of module 
100, several photovoltaic cells 108 are formed on a single 
common substrate; in such cases, the several photovoltaic 
cells 108 are considered to be “monolithically integrated” on 
the substrate. 
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[0034] FIG. 2 is a cross sectional vieW of one photovoltaic 
cell 200. Photovoltaic cell 200 is an embodiment of photo 
voltaic cell 108 of FIG. 1. Photovoltaic cell 200 as illustrated 
in FIG. 2 is a single-junction photovoltaic cell; hoWever, 
photovoltaic cell 200 may be combined With one or more 
additional single-junction photovoltaic cells to form a multi 
junction photovoltaic cell, as discussed beloW. Furthermore, 
several photovoltaic cells 200 may be monolithically inte 
grated onto substrate 202. Photovoltaic cell 200 absorbs elec 
tromagnetic energy 102 incident on its top surface 214. 
[0035] Substrate 202 forms a base and provides mechanical 
support for photovoltaic cell 200. Substrate 202 affects char 
acteristics of photovoltaic cell 200; accordingly, substrate 
200 is chosen in accordance With the required characteristics 
of photovoltaic cell 200. For example, if photovoltaic cell 200 
is to be ?exible, substrate 202 must be ?exible. As another 
example, if photovoltaic cell 200 is not to be electrically 
shorted to adjacent cells on the same substrate, substrate 202 
should have an insulating surface. Further, if photovoltaic cell 
200 is to be able to Withstand high processing temperatures, 
substrate 202 must be able to Withstand such high processing 
temperatures. Examples of materials that may be used to form 
substrate 202 include one of a polymer material (e.g., poly 
imide), a reinforced polymer material (eg carbon-?ber or 
glass-?ber reinforced polymer), metal foil, insulated metal 
foil (e. g., polymer coated metal foil), and glass. 
[0036] Back contact layer 204 is formed on substrate 202. 
Back contact layer 204 provides electrical interface to pho 
tovoltaic cell 200. Back contact layer 204 is formed of a 
material that is compatible With (e.g., forms a good contact 
With) solar absorber layer 206; in an embodiment, back con 
tact layer 204 includes molybdenum. 
[0037] Solar absorber layer 206 is formed on back contact 
layer 204; solar absorber layer 206 is formed of a material 
having bulk p-type character. The term bulk p-type character 
means that at least a majority of the material is p-type. HoW 
ever, portions (e.g., a surface or a near surface, or doped 
portions) of a material having a bulk p-type character may not 
be p-type. For example, a surface of a material having a bulk 
p-type character may be n-type. 
[0038] Solar absorber layer 206 has a photovoltaic effect 
such that solar absorber layer 206 is operable to at least 
partially absorb electromagnetic energy 102 having a certain 
range of Wavelengths and create corresponding electron-hole 
pairs. In an embodiment, solar absorber layer 206 is formed of 
a Group IB-IIIB-VIB2 material having bulk p-type character. 
The term Group IB-IIIB-VIB2 material refers to a compound 
having a photovoltaic effect that is formed of at least one 
element from each of Groups IB, IIIB, andVIB of the periodic 
table, Wherein there are typically tWo atoms of the Group VIB 
element for every one atom of the Group IB and IIIB ele 
ments. In the context of this disclosure, Group IB elements 
include Copper, Silver, and Gold; Group IIIB elements 
include Boron, Aluminum, Gallium, Indium, and Thallium; 
and Group VIB elements include Oxygen, Sulfur, Selenium, 
and Tellurium. Examples of materials that may be used to 
form solar absorber layer 206 therefore include Copper 
Indium DiSelenide, Copper Indium DiTelluride, an alloy 
formed of Copper Indium DiSelenide and at least one of 
Gallium, Aluminum, and Sulfur (e.g., Copper Indium Gal 
lium DiSelenide), and an alloy formed of Copper Indium 
DiTelluride and at least one of Gallium, Aluminum, and Sul 
fur. In an embodiment, solar absorber layer 206 is formed of 
a loW bandgap p-type Group IB-IIIB-VIB2 material. A loW 
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bandgap material for purposes of this disclosure and the cor 
responding claims is a material that is tuned to absorb elec 
tromagnetic energy in the red and/ or infrared portions of the 
electromagnetic spectrum. An embodiment of photovoltaic 
cell 200 having solar absorber layer 206 formed of a loW 
bandgap material may be useful if photovoltaic cell 200 is 
combined With another single-junction photovoltaic cell 
tuned to absorb electromagnetic energy of a different portion 
of the electromagnetic spectrum (e.g., ultraviolet or blue 
light). In an embodiment, solar absorber layer 206 is formed 
using at least one of a sequential seleniZation process, a 
sulfuriZation process, a telluriZation process, a thermal 
evaporation process, an electron beam evaporation process, a 
sputtering process, an electrodeposition process, a molecular 
beam epitaxy process, and a chemical vapor deposition pro 
cess. 

[0039] As another example, solar absorber layer 206 may 
be formed of Cadmium Selenide having a bulk p-type char 
acter (“p-type Cadmium Selenide”). Such p-type Cadmium 
Selenide may be obtained by converting n-type Cadmium 
Selenide to p-type as discussed beloW With respect to FIG. 10. 
For purposes of this disclosure and the corresponding claims, 
Cadmium Selenide is a material that is tuned to absorb elec 
tromagnetic energy in the red/yelloW to blue and ultraviolet 
portions of the electromagnetic spectrum. An embodiment of 
photovoltaic cell 200 having solar absorber layer 206 formed 
of a Cadmium Selenide material may be useful if photovoltaic 
cell 200 is combined With another single-junction photovol 
taic cell tuned to absorb electromagnetic energy of a different 
portion of the electromagnetic spectrum (e.g., red and infra 
red light). 
[0040] WindoW layer or heterojunction partner layer 208 is 
formed on solar absorber layer 206. Heterojunction partner 
layer 208, for example, forms a heterojunction With the mate 
rial of solar absorber layer 206 having bulk p-type character. 
Heterojunction partner layer 208 is, for example, formed of a 
high resistivity material having the formula (Zn and/or Mg) 
(S, Se, O, and/or OH) Where the material may be formed of 
any combination of Zn and/or Mg, and one or more of S, Se, 
O, or OH. In an embodiment, heterojunction partner layer 208 
is formed of Zinc Oxide. In another embodiment, heterojunc 
tion partner layer 208 is formed of a Zinc Magnesium Oxide 
alloy. Forming heterojunction partner layer 208 of such mate 
rials may advantageously help photovoltaic cell 200 to With 
stand higher processing temperatures than some other hetero 
junction partner layer materials, as discussed beloW. In the 
context of this disclosure and corresponding claims, the term 
high resistivity means a resistivity of at least 100 ohms 
centimeter. In embodiments, heterojunction partner layer 208 
has a resistivity of at least 1,000 ohms-centimeter. Forming 
heterojunction partner layer 208 of a high resistivity Zn com 
pound (e. g., Zinc Oxide, Zinc Magnesium Oxide) may advan 
tageously improve the high-temperature durability of photo 
voltaic cell 200 over a photovoltaic cell With a Zn compound 
having a loWer resistivity. In an embodiment, heterojunction 
partner layer 208 is preferably formed using a chemical vapor 
deposition process (e.g., metal-organic chemical vapor depo 
sition) such that a top surface of solar absorber layer 206 is not 
damaged by the deposition process. 
[0041] As another example, heterojunction partner layer 
208 may be formed of Cadmium Sul?de, such as When solar 
absorber layer 206 is formed of p-type Cadmium Selenide. 
[0042] Photovoltaic cell 200 optionally includes buffer 
layer 210 formed on heterojunction partner layer 208; an 
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exemplary material that may be used to form buffer layer 21 0 
is undoped Zinc Oxide. Conductive top contact layer or inter 
connect layer 212 is formed on buffer layer 210, if present, or 
is formed on heterojunction partner layer 208 if buffer layer 
210 is not present. Layer 212 is referred to as a top contact 
layer if photovoltaic cell 200 is not combined With an addi 
tional photovoltaic cell. Layer 212 is referred to as an inter 
connect layer if photovoltaic cell 200 is combined With one or 
more additional single-junction photovoltaic cells 200 to 
form a multi-junction photovoltaic cell; in such case inter 
connect layer 212 provides electrical connection betWeen 
photovoltaic cell 200 and an additional single-junction pho 
tovoltaic cell formed on top surface 214 of photovoltaic cell 
200. Top contact/interconnect layer 212 is electrically con 
ductive and is at least partially transparent to electromagnetic 
energy 102 in order to alloW electromagnetic energy 102 to 
reach solar absorber layer 206. Exemplary materials that may 
be used to form top contact/interconnect layer 212 include 
doped Zinc Oxide, undoped Zinc Oxide, Indium Tin Oxide, 
doped Tin Oxide, undoped Tin Oxide, n-type amorphous 
Silicon, n-type amorphous Silicon Germanium, hydroge 
nated amorphous Silicon carbide, and n-type microcrystal 
line amorphous Silicon. 
[0043] One embodiment of photovoltaic cell 200 has the 
folloWing con?guration: substrate 202 formed of glass, back 
contact layer 204 formed of molybdenum, solar absorber 
layer 206 formed of Copper Indium DiSelenide, heterojunc 
tion partner layer 208 formed of Zinc Oxide, buffer layer 210 
formed of Zinc Oxide, and top contact/interconnect layer 212 
formed of Indium Tin Oxide. 

[0044] As stated above, in embodiments, heterojunction 
partner layer 208 is formed of a high resistivity material 
having the formula (Zn and/or Mg)(S, Se, O, and/or OH). 
This heterojunction partner layer construction may result in 
photovoltaic cell 200 having a greater ability to Withstand 
heat and/or vacuum stresses that some other thin-?lm photo 
voltaic cells. For example, in a thin-?lm photovoltaic cell 
including a solar absorber layer formed Copper Indium DiS 
elenide or Copper Indium DiTelluride and a heterojunction 
partner layer (WindoW layer) formed of Cadmium Sul?de, 
heat and/or vacuum stresses may result in excessive cross 
diffusion of constituent elements of the solar absorber layer 
and the heterojunction partner layer across their junction. 
This cross-diffusion causes degradation of the junction and 
overall performance of the photovoltaic cell; accordingly, 
such photovoltaic cell has a relatively loW ability to Withstand 
heat and vacuum stresses. HoWever, if heteroj unction partner 
layer 208 is formed of a high resistivity material having the 
formula (Zn and/ or Mg)(S, Se, O, and/or OH), junction deg 
radation may be reduced or eliminated. 

[0045] Forming heterojunction partner layer 208 of a high 
resistivity material having the formula (Zn and/or Mg)(S, Se, 
O, and/or OH) also may alloW photovoltaic cell 200 to have a 
greater ability to operate from electromagnetic energy includ 
ing little or no blue colored light compared to some other 
thin-?lm photovoltaic cells. For example, a thin-?lm photo 
voltaic cell including a solar absorber layer formed from 
Copper Indium DiSelenide or Copper Indium DiTelluride 
and a heterojunction partner layer formed of Cadmium Sul 
?de generally performs better When the electromagnetic 
energy incident upon the WindoW layer contains at least some 
blue colored light. This requirement is due to defects in the 
Cadmium Sul?de. HoWever, this problem can be avoided by 
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forming heterojunction partner layer 208 of a high resistivity 
material having the formula (Zn and/or Mg)(S, Se, O, and/or 
OH). 
[0046] Forming an additional photovoltaic cell on a ?rst 
photovoltaic cell commonly exposes the ?rst photovoltaic 
cell to signi?cant heat and/or vacuum stresses. Additionally, 
one or more additional photovoltaic cells formed on the ?rst 
photovoltaic cell often blocks transmission of blue electro 
magnetic energy to the ?rst photovoltaic cell. Accordingly, 
photovoltaic cell 200 may be an attractive photovoltaic cell 
for use as a bottom photovoltaic cell in a multi-junction 
photovoltaic cell due to photovoltaic cell 200’s relatively loW 
sensitivity to heat and vacuum stresses and ability to reliably 
operate from electromagnetic energy devoid of blue light. 
[0047] A multi-junction photovoltaic cell includes tWo or 
more single-junction photovoltaic cells optically aligned With 
each other, and each of the single-junction photovoltaic cells 
is tuned to respond to (i.e., absorb) electromagnetic energy 
having a different range of Wavelengths. For example, FIG. 3 
is a cross sectional vieW of one tWo-junction photovoltaic cell 
300, and FIG. 4 is a cross sectional vieW of one three-junction 
photovoltaic cell 400. TWo or more of the single-junction 
photovoltaic cells in a multi-junction photovoltaic cell may 
have different solar absorber layer materials; in such case, the 
multi-j unction photovoltaic cell may be referred to as a hybrid 
photovoltaic cell. 
[0048] A tWo junction or tandem photovoltaic cell 300 
includes a second single-junction photovoltaic cell 304 
formed on a ?rst single-junction photovoltaic cell 302. Each 
of ?rst and second photovoltaic cells 302 and 304 are 
designed to absorb portions of electromagnetic energy 102 
having different ranges of Wavelengths. FIG. 5, Which is a 
graph 500 of idealiZed spectral response versus Wavelength, 
illustrates one possible design of tWo-junction photovoltaic 
cell 300. A vertical axis 502 represents the magnitude of the 
spectral response of a photovoltaic cell; the spectral response 
essentially represents the photovoltaic cell’s conversion of 
electromagnetic energy into an electric current. A horiZontal 
axis 504 represents Wavelength of electromagnetic energy. A 
curve 506 represents the spectral response of second photo 
voltaic cell 304 as a function of Wavelength of electromag 
netic energy, and a curve 508 represents the spectral response 
of ?rst photovoltaic cell 302 as a function of Wavelength of 
electromagnetic energy. As can be observed from FIG. 5, in 
an embodiment of tWo-junction photovoltaic cell 300 
designed according to FIG. 5, second photovoltaic cell 304 
responds to electromagnetic energy having a shorter Wave 
length than ?rst photovoltaic cell 302. For example, second 
photovoltaic cell 304 may respond to (that is convert to an 
electric current), light generally having a blue color While ?rst 
photovoltaic cell 302 responds to light generally having a red 
and/or infrared color. Thus, tWo-junction photovoltaic cell 
300 is operable to generate an electric current from electro 
magnetic energy having tWo ranges of Wavelengths as illus 
trated by curves 506 and 508. 

[0049] In photovoltaic cell 300, electromagnetic energy 
102 impinges a top surface 308 of photovoltaic cell 300; a 
portion of electromagnetic energy 102 having a certain range 
of Wavelengths is absorbed by second photovoltaic cell 304 
and is converted to an electric current. A portion of electro 
magnetic energy 102 that is not absorbed by second photo 
voltaic cell 304 passes to ?rst photovoltaic cell 302 as indi 
cated by arroWs 306. 
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[0050] Three-junction photovoltaic cell 400 includes a 
third single-junction photovoltaic cell 406 formed on a sec 
ond single-junction photovoltaic cell 404 Which is in turn 
formed on a ?rst single-junction photovoltaic cell 402. Each 
of ?rst, second, and third single junction photovoltaic cells 
402, 404, and 406 is designed to absorb portions of electro 
magnetic energy 102 having different ranges of Wavelengths. 
Electromagnetic energy 102 impinges a top surface 412 of 
photovoltaic cell 400; a portion of electromagnetic energy 
102 having a certain range of Wavelengths is absorbed by 
third photovoltaic cell 406 and converted to an electric cur 
rent. A portion of electromagnetic energy 102 that is not 
absorbed by third photovoltaic cell 406 passes to second 
photovoltaic cell 404 as indicated by arroWs 410. Second 
photovoltaic cell 404 absorbs a portion of a certain range of 
Wavelengths of electromagnetic energy 410, and the remain 
der of electromagnetic energy 410 passes to ?rst photovoltaic 
cell 402 as indicated by arroWs 408. A portion of electromag 
netic energy 408 having a certain range of Wavelengths is 
absorbed by ?rst photovoltaic cell 402. 
[0051] A multi-junction photovoltaic cell may have advan 
tages over a single-junction photovoltaic cell. First, as dis 
cussed above With respect to FIGS. 3-5, a multi-junction 
photovoltaic cell has a plurality of single-junction photovol 
taic cells each of Which are tuned to respond to electromag 
netic energy having a certain range of Wavelengths. Accord 
ingly, there may be a smaller difference betWeen the energy 
level of at least some of the electromagnetic energy spectrum 
that creates ‘free’ electron-hole pairs in a solar absorber layer 
and the bandgap energy of the solar absorber layer in a multi 
junction photovoltaic cell than in a single-junction photovol 
taic cell. Therefore, a multi-junction photovoltaic cell may 
have a smaller energy loss due to thermaliZation of free car 
riers With excess energy above a solar absorber layer’s band 
gap energy level than a single-junction photovoltaic cell. As a 
result, a multi-junction photovoltaic cell may operate more 
e?iciently than a single-junction photovoltaic cell. 
[0052] Second, a multi-junction photovoltaic cell generally 
has a higher output voltage than a single-junction photovol 
taic cell. This may be advantageous because the higher output 
voltage reduces the output current required to poWer a given 
load. Reducing the output current magnitude reduces resis 
tive losses Which directly increases the e?iciency of the solar 
cell and module. Also, a multi-junction photovoltaic cell gen 
erally has a loWer temperature coe?icient than a single-junc 
tion photovoltaic cell, Where the temperature coe?icient 
quanti?es additional poWer loss in the photovoltaic cell due to 
an increase in the photovoltaic cell ’s operating temperature. A 
loWer temperature coe?icient is bene?cial because it reduces 
the poWer loss of the photovoltaic cell at elevated operating 
temperatures, Which commonly occur in practical photovol 
taic cell applications. Furthermore, increasing the output 
voltage of a photovoltaic cell may be advantageous in that it 
reduces the quantity of photovoltaic cells that must be elec 
trically connected in series in order to provide a required 
output voltage. Reducing the quantity of series connected 
photovoltaic cells may in turn reduce monolithic integration 
cost and area of a module lost due to electrical interconnec 
tion of photovoltaic cells. 
[0053] FIG. 6 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell 600. Photovoltaic cell 600, Which is an 
embodiment of photovoltaic cell 108, includes a second 
single-junction photovoltaic cell 602 formed on photovoltaic 
cell 200. Although photovoltaic cell 600 is illustrated in FIG. 
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6 as being a tWo-junction photovoltaic cell, photovoltaic cell 
600 may have more than tWo junctions. For example, photo 
voltaic cell 600 could be a three-junction photovoltaic cell if 
a third single-junction photovoltaic cell Were formed on a top 
surface 606 of second photovoltaic cell 602. Multiple photo 
voltaic cells 600 may be monolithically integrated onto sub 
strate 202; and one or more substrates 202 With cells may be 
combined into a module or solar panel. 

[0054] As discussed above With respect to FIG. 2, photo 
voltaic cell 200 may optionally include a buffer layer (not 
shoWn in FIG. 6) disposed betWeen heterojunction partner 
layer 208 and interconnect layer 212. In addition to providing 
an interface betWeen photovoltaic cell 200 and second pho 
tovoltaic cell 602 (FIG. 6), an embodiment of interconnect 
layer 212 may re?ect some electromagnetic energy that 
passes through second photovoltaic cell 602 back into second 
photovoltaic cell 602 for absorption by it. As discussed above, 
embodiments of photovoltaic cell 200 may Withstand higher 
temperatures and/or vacuum stresses better than some other 
thin-?lm photovoltaic cells; accordingly, it is desirable that 
photovoltaic cell 200 can Withstand deposition of at least one 
additional photovoltaic cell (e.g., second photovoltaic cell 
602) on top surface 608 of interconnect layer 212. Addition 
ally, as discussed above, certain embodiments of bottom pho 
tovoltaic cell 200 do not need to absorb blue colored light in 
order to operate Well. Accordingly, photovoltaic cell 200 may 
operate Well even if second photovoltaic cell 602 (and any 
additional single-junction photovoltaic cells) absorbs some 
or all of the blue light of electromagnetic energy 102. 
[0055] Second photovoltaic cell 602 is tuned to be compli 
mentary to photovoltaic cell 200. For example, second pho 
tovoltaic cell 602 is optimiZed to absorb a certain range of 
Wavelengths of electromagnetic energy that ?rst photovoltaic 
cell 200 is not optimiZed to absorb. Examples of second 
photovoltaic cells 602 include a solar absorber layer formed 
of a material including one of a Cu(In, Ga, Al)Se2 compound, 
a Cu(In, Ga, Al)S2 compound, amorphous Silicon (e. g., 
hydrogenated amorphous Silicon), a hydrogenated amor 
phous Silicon Germanium alloy, a (Cd, Zn, Mg, Mn)Te com 
pound, and p-type Cadmium Selenide. By a Cu (In, Ga, Al) 
Se2 compound, a compound is meant that comprises Copper, 
Selenium, and at least one of Indium, Gallium, or Aluminum. 
By a Cu(In, Ga, Al)S2 compound, a compound is meant that 
comprises Copper, Sulfur, and at least one of Indium, Gal 
lium, or Aluminum. By a (Cd, Zn, Mg, Mn)Te compound, a 
compound is meant that comprises Tellurium and at least one 
of Cadmium, Zinc, Magnesium, or Manganese. 
[0056] FIG. 7 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell 700, Which is an embodiment of pho 
tovoltaic cell 600. Photovoltaic cell 702 is an embodiment of 
photovoltaic cell 602. A plurality of photovoltaic cells 700 
may be monolithically integrated onto substrate 202. 
[0057] Second photovoltaic cell 702 optionally includes a 
second back contact layer 706 formed on interconnect layer 
212. Second back contract layer 706 is at least partially trans 
parent to electromagnetic energy having a certain range of 
Wavelengths intended to be absorbed by solar absorber layer 
206 of photovoltaic cell 200. If second back contact layer 706 
is not included in photovoltaic cell 700, interconnect layer 
212 serves as a back contact for photovoltaic cell 702. 

[0058] Second solar absorber layer 708 is formed on sec 
ond back contact layer 706 (or an interconnect layer 212 if 
second back contact layer 706 is not present). In an embodi 
ment, solar absorber layer 708 is formed of a material includ 
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ing one of a Cu(In, Ga, Al)Se2 compound, a Cu(In, Ga, Al)S2 
compound, amorphous Silicon (e.g., hydrogenated Amor 
phous Silicon), a hydrogenated amorphous Silicon Germa 
nium alloy, Cadmium Telluride, a (Cd, Zn, Mg, Mn)Te com 
pound, and p-type Cadmium Selenide. Second solar absorber 
layer 708 has a higher bandgap energy than solar absorber 
layer 206 such that second solar absorber layer 708 absorbs 
electromagnetic energy having shorter Wavelengths than that 
absorbed by solar absorber layer 206. 
[0059] Second heterojunction partner layer 710 is formed 
on second solar absorber layer 708. In an embodiment, sec 
ond heterojunction partner layer 710 is formed of Cadmium 
Sul?de and second solar absorber layer 708 is formed of 
p-type Cadmium Selenide. 
[0060] Top contact layer 712 is formed on second hetero 
junction partner layer 710. A buffer layer (not shoWn in FIG. 
7) is optionally disposed betWeen second heterojunction part 
ner layer 710 and top contact layer 712. Top contact layer 712 
and second heterojunction partner layer 710 are each at least 
partially transparent to Wavelengths of electromagnetic 
energy 102 intended to be absorbed by second solar absorber 
layer 708 and solar absorber layer 206. 
[0061] FIG. 8 is a cross sectional vieW of one multi-junc 
tion photovoltaic cell 800, Which is an embodiment of pho 
tovoltaic cell 108. Photovoltaic cell 800 is illustrated in FIG. 
8 as including a second single-junction photovoltaic cell 826 
formed on a ?rst single-junction photovoltaic cell 824. 
Accordingly, photovoltaic cell 800 is illustrated in FIG. 8 as 
being a two-junction or tandem photovoltaic cell. However, 
photovoltaic cell 800 may include more than tWo stacked 
single-junction photovoltaic cells and thereby have more than 
tWo junctions. For example, photovoltaic cell 800 could be a 
three-junction photovoltaic cell if a third single-junction pho 
tovoltaic cell Were formed on a top surface 822 of photovol 
taic cell 800. Photovoltaic cell 800 may be considered to be a 
hybrid photovoltaic cell because at least tWo of its single 
junction photovoltaic cells (e.g., photovoltaic cells 824 and 
826) have different materials in their solar absorber layers. 
[0062] First single-junction photovoltaic cell 824 includes 
a substrate 802, a back contact layer 804, a solar absorber 
layer 806, a heterojunction partner layer 808, an optional 
buffer layer 810, and an optional interconnect layer 812. 
Several photovoltaic cells 800 may be monolithically inte 
grated onto substrate 802. Substrate 802 forms a base and 
provides mechanical support for photovoltaic cell 800. 
Examples of materials that may be used to form substrate 802 
include polymers (e.g., polyimide), reinforced polymers, 
insulated metal foil (e.g., polymer coated metal foil), and 
glass. If substrate 802 is formed of a polymer or insulated 
metal foil, photovoltaic cell 800 may advantageously be ?ex 
ible and lightWeight compared to photovoltaic cells having a 
glass substrate. Additionally, forming substrate 802 of a poly 
mer or insulated metal foil may advantageously alloW photo 
voltaic cell 800 to support monolithic integration in contrast 
to photovoltaic cells having an uninsulated metal substrate. It 
should be noted, hoWever, that substrate 802 could be formed 
of metal foil if photovoltaic cell 800 Will not be used in 
monolithic integration applications. 
[0063] Back contact layer 804 is formed on substrate 802. 
Back contact layer 804 provides an electrical interface to 
photovoltaic cell 800. Back contact layer 804 is formed of a 
material that is compatible With (e.g., forms a good contact 
With) solar absorber layer 806; in an embodiment, back con 
tact layer 804 includes molybdenum. 
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[0064] Solar absorber layer 806 is formed on back contact 
layer 804; solar absorber layer 806 is formed of a material 
having a bulk p-type character and a photovoltaic effect such 
that solar absorber layer 806 is operable to at least partially 
absorb electromagnetic energy 102 and create corresponding 
electron-hole pairs. In particular, solar absorber layer 806 is 
formed of a Group IB-IIIB-VIB2 material having bulk p-type 
character or its alloys. The Group IB-IIIB-VIB2 material or its 
alloys may be a loW bandgap material such that solar absorber 
layer 806 responds to relatively long Wavelengths of electro 
magnetic energy (e.g., red and/ or infrared light). Examples of 
materials that may be used to form solar absorber layer 806 
include Copper Indium DiSelenide, Copper Indium DiTellu 
ride, an alloy formed of Copper Indium DiSelenide and at 
least one of Gallium, Aluminum, and Sulfur, and an alloy 
formed of Copper Indium DiTelluride and at least one of 
Gallium, Aluminum, and Sulfur. 
[0065] Heterojunction partner layer 808 is formed on solar 
absorber layer 806. Heterojunction partner layer 808 may 
form a heterojunction With the material of solar absorber 
layer 806 having bulk p-type character. In an embodiment, 
Heterojunction partner layer 808 is formed of n-type material 
(e. g., Cadmium Sul?de). In another embodiment, heteroj unc 
tion partner layer 808 is similar to heterojunction partner 
layer 208 of photovoltaic cell 200 of FIG. 2 in that hetero 
junction partner layer 808 is formed of a high resistivity 
material having the formula (Zn and/or Mg)(S, Se, O, and/or 
OH). 
[0066] Photovoltaic cell 800 optionally includes buffer 
layer 810; an exemplary material that may be used to form 
buffer layer 810 is undoped or high-resistivity ZnO. Conduc 
tive interconnect layer 812 is optionally formed on buffer 
layer 810, if present, or on heterojunction partner layer 808 if 
buffer layer 810 is not present. Conductive interconnect layer 
812 is required if heterojunction partner layer 808 is formed 
of a high resistivity material; hoWever, if heteroj unction part 
ner layer 808 is formed of a conductive n-type material, 
interconnect layer 812 is not included in an embodiment of 
photovoltaic cell 800. Interconnect layer 812 functions as an 
electrical and an optical interface betWeen ?rst photovoltaic 
cell 824 and second photovoltaic cell 826. If interconnect 
layer 812 is not used, second photovoltaic cell 826 is formed 
directly on ?rst photovoltaic cell 824. Interconnect layer 812 
may include a doped Zinc Oxide, undoped Zinc Oxide, 
Indium Tin Oxide, a doped Tin Oxide, undoped Tin Oxide, 
n-type amorphous Silicon, n-type amorphous Silicon Germa 
nium, hydrogenated amorphous Silicon Carbide, and n-type 
microcrystalline Silicon. Interconnect layer 812 is at least 
partially transparent to electromagnetic energy intended to be 
absorbed by ?rst photovoltaic cell 824. In an embodiment of 
photovoltaic cell 800, interconnect layer 812 serves to re?ect 
some electromagnetic energy that passes through second 
photovoltaic cell 826 back into second photovoltaic cell 826 
for absorption by it. 
[0067] Second photovoltaic cell 826 includes layers 814, 
816, and 818 of semiconductor material (e.g., amorphous 
Silicon) and an optional top contact layer 820. In particular, a 
layer 814 of p-type semiconductor (e.g., p-type amorphous 
Silicon) is formed on interconnect layer 812 (if present), or on 
a top surface (e.g., surfaces 828 or 830) of ?rst photovoltaic 
cell 824 if interconnect layer 812 is not present. A layer 816 of 
intrinsic semiconductor (e.g., intrinsic amorphous Silicon) is 
formed on layer 814 of p-type semiconductor, and a layer 818 
of n-type semiconductor (e.g., n-type amorphous Silicon) is 






















