wo 2013/158986 A4 [N N0F 000000 O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/158986 A4

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

24 October 2013 (24.10.2013) WIPOIPCT
International Patent Classification:
HO1L 29/861 (2006.01)
International Application Number:
PCT/US2013/037358

International Filing Date:
19 April 2013 (19.04.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/687,163 19 April 2012 (19.04.2012) US
Applicant: CARNEGIE MELLON UNIVERSITY

[US/US]; 5000 Forbes Avenue, Pittsburgh, Pennsylvania
15213 (US).

Inventors: HUSSIN, Rozana; 1 Bayard Road, Apt. 63,
Pittsburgh, Pennsylvania 15213 (US). CHEN, Yixuan;
4910 Centre Ave, Apt. G2, Pittsburgh, Pennsylvania 15213
(US). LUO, Yi; 1687 Hastings Mill Road, Pittsburgh,
Pennsylvania 15241 (US).

Agents: MCDONOUGH, Christina, V. et al.; Fish &
Richardson P.C., P.O. Box 1022, Minneapolis, Minnesota
55440-1022 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(84)

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

(88)

Date of publication of the amended claims:

with international search report (Art. 21(3))
with amended claims (Art. 19(1))

Date of publication of the international search report:
12 December 2013

30 January 2014

(54) Title: A METAL-SEMICONDUCTOR-METAL (MSM) HETEROJUNCTION DIODE

1042

1002 1022

Metal-2

)_112

| Semiconductor

| 116

Metal-1

.

114

S

106

FIG. 1

(57) Abstract: In one aspect, a diode comprises: a semiconductor layer having a first side and a second side opposite the first side,
the semiconductor layer having a thickness between the first side and the second side, the thickness of the semiconductor layer being
based on a mean free path of a charge carrier emitted into the semiconductor layer; a first metal layer deposited on the first side of
the semiconductor layer; and a second metal layer deposited on the second side of the semiconductor layer.
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AMENDED CLAIMS
received by the International Bureau on 04 October 2013 (04.10.2013)

1. A diode, comprising:

a semiconductor layer having a first side and a second side opposite the first side, the
semiconductor layer having a thickness between the first side and the second side, the thickness
of the semiconductor layer being based on a mean free path of a charge carrier emitted into the
semiconductor layer;

a first metal layer deposited on the first side of the semiconductor layer; and

a second metal layer deposited on the second side of the semiconductor layer;

wherein the thickness of the semiconductor layer that is based on the mean free path of
the charge carrier increases an amount of ballistic transport of the charge carrier through the
semiconductor layer, relative to an amount of ballistic transport of the charge carrier through
another semiconductor layer with another thickness that is independent of the mean free path of

the charge carrier.

2. The diode of claim 1, wherein the thickness of the semiconductor
layer 1s comparable to or less than the mean free path of the charge carrier emitted into the

semiconductor layer.

3. The diode of claim 1, wherein the diode has a cut-off frequency exceeding
100 THz.
4. The diode of claim 1, wherein the diode has a cut-off frequency
23
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exceeding 1000 THz.

S. The diode of claim 1, wherein the first metal layer and the second
metal layer comprise a same metal, and an interface of the semiconductor layer is degenerately

doped for creation of an ohmic contact.

6. The diode of claim 1, wherein the first metal layer comprises a first
metal, the second metal layer comprises a second metal, and the first metal and the second metal

are different metals.

7. The diode of claim 6, wherein an interface of the semiconductor

layer 1s degenerately doped for creation of an ohmic contact.

8. ( The diode of claim 1, wherein the semiconductor layer comprises

one or more of a crystalline semiconductor and a polycrystalline semiconductor.

9. The diode of claim 8, wherein the semiconductor layer comprises
one or more of silicon (S1), germanium (Ge), silicon germanium (S1Ge), aluminum antimonide
(AISD), gallium antimonide (GaSb), gallium arsenide (GaAs), indium antimonide (InSb), indium
arsenide (InAs), indium gallium arsenide (InGaAs), gallium nitride (GaN), indium phosphide
(InP), cadmium selenide (CdSe), cadmium telluride (CdTe), cadmium sulfide (CdS), zinc
selenide (ZnSe), zinc telluride (ZnTe), zinc sulfide (ZnS), zinc oxide (Zn0O), titantum oxide

(Ti03), lead sulfide (PbS), and lead telluride (PbTe).
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10.  The diode of claim 1, wherein the first metal layer and the second
metal layer each comprise at least one metal selected from the group consisting of silver (Ag),
aluminum (Al), gold (Au), cobalt (Co), chromium (Cr), copper (Cu), gadolinium (Gd), hafnium
(Hf), indium (In), iridium (Ir), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel
(N1), lead (Pb), palladium (Pd), platinum (Pt), rhodium (Rh), tantalum (Ta), titanium (T1),

tungsten (W), and zinc (Zn).

11.  The diode of claim 1, wherein the diode comprises a metal
semiconductor-metal heterojunction diode (MSM diode), and wherein the MSM diode further
comprises:
a heterojunction between the semiconductor layer and one or more of the first metal layer

and the second metal layer.

12. A method for fabricating a diode, comprising:

providing a semiconductor having a first side and a second side opposite the first side, the
semiconductor having a thickness between the first side and the second side, the thickness being
based on a mean free path of a charge carrier emitted into the semiconductor;

depositing a first metal on the first side of the semiconductor; and

depositing a second metal on the second side of the semiconductor;

wherein the thickness of the semiconductor that is based on the mean free path of the
charge carrier increases an amount of ballistic transport of the charge carrier through the

semiconductor, relative to an amount of ballistic transport of the charge carrier through another
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semiconductor with another thickness that is independent of the mean free path of the charge
carrier.

13.  The method of claim 12, wherein the thickness of the
semiconductor is comparable to or less than the mean free path of the charge carrier emitted into

the semiconductor.

14. The method of claim 12, wherein obtaining the semiconductor comprises:

obtaining a substrate of layered materials that includes a layer comprising the
semiconductor and one or more other layers comprising at least one material that is different
from the semiconductor;

bonding the first side of the semiconductor to a carrier wafer to position the first metal
between the semiconductor and the carrier wafer; and

removing the one or more other layers to expose the second side of the semiconductor.

15. The method of claim 14, wherein:

depositing the first metal on the first side of the semiconductor comprises patterning the
first side of the semiconductor; and

bonding the first side of the semiconductor to the carrier wafer comprises bonding the

first side of the semiconductor to the carrier wafer using an insulating adhesive.

16. The method of claim 14, wherein:
depositing the first metal on the first side of the semiconductor comprises depositing the

first metal directly onto the first side of the semiconductor as a uniform metal film; and
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bonding the first side of the semiconductor to the carrier wafer comprises bonding the

first side of the semiconductor to the carrier wafer using an adhesive.

17. The method of claim 12, wherein the first metal and the second metal are
of a same metal, and the method further comprises:
degenerate doping of a surface of the semiconductor layer for creation of an ohmic

contact.

18. The method of claim 12, wherein the first metal and the second metal are

different metals.

19. The method of claim 18, further comprising;
degenerate doping of a surface of the semiconductor layer for creation of an ohmic

contact.

20. The method of claim 12, wherein the semiconductor comprises one or

more of a crystalline semiconductor and a polycrystalline semiconductor.

21. The method of claim 20, wherein the semiconductor comprises one or
more of silicon (S1), germanium (Ge), silicon germanium (S1Ge), aluminum antimonide (AlSb),
gallium antimonide (GaSb), gallium arsenide (GaAs), indium antimonide (InSb), indium
arsenide (InAs), indium gallium arsenide (InGaAs), gallium nitride (GaN), indium phosphide

(InP), cadmium selenide (CdSe), cadmium telluride (CdTe), cadmium sulfide (CdS), zinc
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selenide (ZnSe), zinc telluride (ZnTe), zinc sulfide (ZnS), zinc oxide (Zn0O), titantum oxide

(Ti03), lead sulfide (PbS), and lead telluride (PbTe).

22. The method of claim 12, wherein the first metal and the second metal each
comprise at least one metal selected from the group consisting of silver (Ag), aluminum (Al),
gold (Au), cobalt (Co), chromium (Cr), copper (Cu), gadolinium (Gd), hafnium (Hf), indium
(In), iridium (Ir), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb),
palladium (Pd), platinum (Pt), rhodium (Rh), tantalum (Ta), titanium (T1), tungsten (W), and zinc

(Zn).

23. A p-type metal-semiconductor-metal heterojunction diode (MSM diode),
comprising;

a silicon layer having a first side and a second side opposite the first side, a surface of the
first side being doped with boron at a surface concentration of 1x10%° cm™, the silicon layer
having a thickness between the first side and the second side, the thickness of the silicon layer
being 30 nm;

a platinum layer deposited on the first side of the silicon layer;

a first heterojunction interface between the silicon layer and the platinum layer;

a cobalt layer deposited on the second side of the silicon layer; and

a second heterojunction interface between the silicon layer and the cobalt layer.

24, A n-type metal-semiconductor-metal heterojunction diode (MSM diode),

comprising;
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a silicon layer having a first side and a second side opposite the first side, a surface of the
first side being doped with phosphorus at a surface concentration of 2x10%” cm?, the silicon layer
having a thickness between the first side and the second side, the thickness of the silicon layer
being 60 nm;

a first chromium layer deposited on the first side of the silicon layer;

a first heterojunction interface between the first chromium layer and the silicon layer;

a second chromium layer deposited on the second side of the silicon layer; and

a second heterojunction interface between the second chromium layer and the silicon

layer.

25. A method comprising:

obtaining a diode with (1) a semiconductor layer with a thickness being based on a
mean free path of a charge carrier emitted into the semiconductor, (i1) a first metal on a first side
of the semiconductor layer, and (ii1) a second metal on a second side of the semiconductor layer;

emitting the charge carrier into the semiconductor layer of the diode; and

increasing an amount of ballistic transport of the charge carrier through the
semiconductor layer with the thickness that is based on the mean free path of the charge carrier,
relative to an amount of ballistic transport of the charge carrier through another semiconductor

layer with another thickness that is independent of the mean free path of the charge carrier.
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