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(57) Abstract: A semiconductor structure having a silicon substrate having a <111> crystallographic orientation, an insulating layer
disposed over a first portion of the silicon substrate, a silicon layer having a <100> orientation disposed over the insulating layer,
and a non-nitride column III-V semiconductor layer or column II-VI semiconductor layer having the same <111> crystallographic
orientation as the silicon substrate, the non-nitride column III-V semiconductor layer or column II-VI semiconductor layer being in
direct contact with a second portion of the silicon substrate. A column IlI-nitride is disposed on the surface of the third portion of the
substrate.
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SEMCONDUCTOR STRUCTURE HAVING SILICON DEVICES, COLUMN HL-
NITRIDYE DEVICES, AND COLUMN BENON-NITRIDE OR COLUMN VR
BEVIIES

TECHNICAL FIELD

FO00TY This discloswre refates generally to semiconductor struchwes and more particularty
o seroonductor strucheres having silicon devices, column Hi-ndivide devices, and
cotumn H-non-vdtride or column -V devices.

BACKGROUND AMD SUMMARY
{80021 Ag is koowsn in the art, many electronics appHeations incorporate both sticon and
cobimnn -V oireniis due to their unigue performance characteristics. The silicon cirouits
are typically CMOS civcuits used for digital signals and the column -V ciroudts are for
microwave, millimeter wave, and optical signals. Typically Gus integration is done by
fabricating the silicon and column HI-V civenits separately on different ohips and then
clectrically connecting them, often with wire bonds, This process is expensive, Hmits
integration complexity, increases the foofpring, and introduces pavastic resistances and

inductances which degrade civeuit performance.

FOO03T 1 iz also known in the art thet transistors have been formed on siticon having
<1O0> and <11 1> crvstallographic oriendations (e, where, as is well known, a <108
crystaliographic orientation is where the <100 axis of the crysisiline silicon is nomal
{i.e., perpendicudar) to the laver growing or depositing surface of the silcon and a<iii>
erystatiographic ovientation iz where the <111> axis of the crysialiine silicon 13 normad
(i.e., perpendicudac) to the layer growing or depositing surface of the silicon), Many years
agoe, CMOS was formed on silicon substrates having the <111> crystallographie
orfentation; however this ortentation s inferior for CMOS compared to the <100
ervstaliographic orlentation due to a higher surlhce state density on the <11 1>

erystaliographic orfentation

[O0047 One CMOS structore is formed on 8 silicon-on-insudator (SO stracthurs, This SOT
structure includes a silicon substrate having a <IQ0> crystaliographic orlentation. dn
insulating laver of 8102 is formed on the sticon subsirste. An apper device layer of

silicon having a <100> orystallographie orientation iy formed on the inswlating laver; the

i



10

WO 2014/130165 PCT/US2014/010397

insulating laver belng vsed 10 assist electrical isolation of the CMOS transistor deviess
formed in the upper silicon layer. Thus, both the upper device layer and the substrate have

the same orystatlographic ovdentation (e, & <180 crystallographic orientation).

FOGOST I is also known that i i desirable o have silicon CMOS transistors and column
MV {e.g GaN, GaAs or InP} traesistors on & commen subsirate. One structire used to
form CMOS fransistors and column IV {ransistors on a common subsirate is shown in
FIGE. 1. Theve, a8 Gads transisior is formed on the same substrate ax the CMOS transistors.
It is alse known that GaAs may be grown on 8 growth laver heving a <180>
erystailographic ovientation. R ig alse known in the ar that a columan BV {(such as 2
solwmyn RN, for example, GaN, AIN, GaAlN, InGaN) device can be formed on 2 silicon
subsivate. Since § is preferable that the GaN device be formed with <iii»
erystallographic orientation fo minimize orystal dofocts, the device i typically fnmed on a
substrate (... siticon} having a <111> crystallographic orientation. This device is shown

in the middle portion of the structure shown in FIG. L

100061 On fuly 3, 2012, UL 8. Patent No. 8, 212, 284 was granted, entitied “Structure
having silicon CMOS transistors with colums B4V transistors on a common substrate”
inventors Hoke et al,, assigned to the same assignee as the pregent patent spplicstion. As
desoribed therein, a starting wafer comprises a handle sificon substrate with a2 <111>»
orfentation, a sificon doxide insulating layer over a first portion of the <1 11> subsirate, a
sificon <100 layer disposed over the insulating layver, and a column HEV device having
the same crysialiographic orlontation as the silicon layer disposed on the second portion of
the silicon subsirate. More particularty, the semiconductor structure Includes 2 column -
As, column P, or column [L-8h device on the <100 stlcon layer and is shown in FIG.
1. More particulady, CMOS wansistors sre formed on one portion of a <100 silicon layer
and an MHEMT device, here an InP MHEMT device having column H-As lavers, formed
on anther portion of the <100> silicon layer. I is noted that the InP MHEMT is in contact

with, and is grown slong, the <100> crystallographic axis of the silicon layer.

{O007] The fnventor has recognized that fiether improvements can be made 1o the
structure desoribed in the ghove reforenced U] 8. Patent Mo, 8, 212, 294 (heve shown fn
FIG. 1) . More particularly, the inventor has recognized that

2
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i The InP MHEMT is not nearly co-planar with the other device surfross

which complicates device processing.

2 The thermal resistance path for heat generated in the InP MHEMT to the
subsirate is increased by the presence of the siticon laver and 102 layer.

3. The growth of BL-V material such ag the In® MHEMT on a S8{<100>
surface iy fmproved by tilting the Si< 100> surface several degrees. The CMOS process,
however, is developed on <100 silicon layers thet ave not misoriented. Tilting the silicon
laver can alter the CMOS process by changing the depths of implanted species.

4, The growth of IV material such as the MHEMT on a tilted <100> silicon
surface is improved by performing a high femperature (~800C) anneal to form bilayer
steps in the swefaces, I bilaver steps are not formed, the growth of a binary -V material
o < 100> elemental silicon resulis o antiphase boundary defocts, A high termperature

anneal could degrade the CMOS and possibly the GaN HEMT present on the wafer.

TO00K] Having recognized these effects, the inventor discloses hereln a nop-nitride
column -V or cohman IWVT device structure, TdTe, HgCdTe or 0 devices grown on

a third portion of a silicon substrate Instead of on the sticon <100> layer disposed over the

insulating layer

0009] In one embodiment, 2 semiconductor structore is provided having: a stlicon
substrate having & <111> crystallographic orontation; an insulating layer disposed over a
first portion of the silicon substrate; a silicon layer having s <100> orientation disposed
aver the insulating laver, a non-pitvide colume HE-Vor column -] semvdconductor layer
having the same <111 orystallographio orientation as the silicon substrate, the non-nitride
columu NIV or column IV semiconductor laver being in divect contact with a second
portion of the siticon substrate, the non-nitride column TRV or eolwnn I-V1

semiconductor layer having formed therein an active device.

(60107 In one embodiment, the non-nitride device is 8 columa IR-X device, where X is a

non-nitvide clement.

100111 In one embodiment, the columm I-V1 senieonductor layer is CdTe, HgCdTe or

Talh

Yok
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160127 In one embodiment, the coluan IIEX devies is & colomn Hi-As, column JRF, or

column Hi-8b device or column I allovs of As, P, and Sh.

{00131 In one embodiment, the columm HEX devies is » Inf device

In one embodiment, 8 N layer {8 in divect contact with g thivd portion of the

substrate, where N is mitrogen,

[0014] In one embodiment, the silicon laver bas sctive devices fabuicated in it such as

CRMOS transistor devices formed thersin,

{00181 With such a structwe:
i. The surfaces of the 3 device types, silicon UMOS, GalN HEMT, and In¥P

MHEMT are nearly coplanan
2. The InP MHEMT iz grown directly on the silicon substrate resuliing in
reduced thermal resistance.

3 The growth of the MHEEMT on the substrate eliminatos any the need to tilt

aF e

to the CMOS silicon layer.
4. The steps in & <11 > swrfsce we naturally bilaver so the high temperature

bilaver annes! is eliminated.

{00167 The details of one or more ennbodiments of the disclosure ave set forth in the
accompanying drawings and the description below, Other featores, objects, and

advantages of the disclosure will be apparent from the description snd drawings, and from

the claims,

DESCRIPTION OF DRAWINGS
{0017] FIG. 1 s a simplified cross sectional dlagram of & semiconductor stracture

sccording to the PRIOR ART, and

[O018] FIG. 2 is 2 simplified cross sectional diagram of & semiconductor stracture

according o the disclosare.
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FO019] Like reference symebols in the various drewings indicate like slements.

DETAILED DESCRIPTION
(00201 Reforring now to FIG. 2, a semiconductor structure 10 is shown having: a silicon
subsirate 12 having a <i 11> arysiallographic orientation; an inswlating layer, 14, here
silicon dioxide, disposed over g fvst portion of the silicon substrate 12 and & silicon layer
16 having a <100> orlentation disposed over the insulating layer 14, here silicon dioxide.
Such structure fo this point may be formed psing any conventions] process such as that

deseribed in the above referenced UL 8. Patent Ny, 8, 212, 284,

{00217 Next, CMOS transistor devices 24 are formed in the silicon layer 18 over g fivst

portion of substeate 12,

JO0231 Next, a mask, not shown, is used to mask the formed CMOS traosistor devices 24
for protection and & window in the mask is wsed fo etch an opening 30 theough the silicon

faver 16 and the silicon dioxide layer 14 down o expose a second portion of the sificon

subsirate 13.

(00231 Next, 8 GalN transistor device 22 is formed on the exposed second portion of the

silicon substrate 12, a8 shown,

{0024] Nexi, a mask not shows 18 used o protest the CMOS tansistor devices 24 and the

(GalN devige 22,

[0035] Next, a window in the mask is nsed to fonm an opening 30 fhwough the exposed
portion of the silicon layer 16 and wnderlying portion of the silicon dloxide laysr 14 1o
expose a third portion of the silicon subsirate 12, Next, 2 nope-nittide devioe 32 is formed
on the exposed thivd portion of the siticon substrate 12, as shown,  More partienlarly, the
non-nitride devics 32 i {&) @ column HE-X device, where X is 8 nonenitvide cloment, for
example, the column HEX device is 8 column HhAs, colume HIP, column HI-8h device,
or siloys of As, P, and 8b; here an InP device, Other column [-X devices ave possible
such as the Gads HEMT, InP HBT, Galnds quantum well detoctor or laser, or InAsSb

infrared detector. On the third portion of the silicon substrate sohumn BV devices such

5
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as UdTe-based solar cslls, HepCdTe infraved detectors, o zine oxide transparent

conductors can also be formed.

100261 I should now be appreciated, s semiconductor structine according to this
disclosure inchudes: 2 silicon substrate having 8 <1 11> orystaliographic orientation; an
insulating layer disposed over a Srst portion of the silicon substrate; 2 silicon layer having
8 <100> orientation dsposed over the insulating layer, 8 sorepiirids column UV
sarviconductor laver or colwan IV semiconducior layer having the same <I1I>
erystaliographic orfentation as the sificon substrate, the non-nitride column BV
semiconductor layer or colmun H-VI semiconductor layer being fn direct contact with a

second portion of the silicon substrate.

10027] The semiconductor structure may also inchuds one or mors of the following
featuren: wherein the son-nitride device s 8 column HEX device, where X is 2 non-nitride
slement: whereln the column H-X device is 8 column H-4s, column I-P, column H-8b,
or cofurmn T allovs of As, P, Sb device; incloding a TN layer in divect contact with a

third portion of the substrate, where N is nitrogen.

00281 It should also be sppreciated » semiconductor structure acoording to this
disclosure includas: 2 siicon subsirate having a <111> coystallographic orientation; an
insulating laver disposed over g first portion of the silicon substrate; s silicon layer having
a <100 orieatation disposed over the insulating layer, & non-nittide coliman MLV
sereonductor laver or coluamm T-VI semiconducior layer having the same <111>
crystallographic orientation as the silicon substrate, the non-pitride column IRV
semiconductor layer or cohumn 1-VI semiconductor layer baing in divect contact with a
second povtion of the silicon substrate, the colump TRV serdoonductor layer being
columnn I-As, coloman TP, colume -8, or column I alloys of As, P, Sb device and
the column H-V] semdconductor being a colums 0, column 8-S, column I8¢, cohunn

1i-Te or column I allovs of @, 8, Se, and Te,

100291 The serviconductor structure may also inchade ope or more of the following
featyres: inchuding a TN layer in direct contact with a thisd portion of the substrate,
where N s nitropen; wherein the silivon layer has a transistor device formed thevein;

&
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whereln the silicon layer has CMOS ransistor devices formed thersin; wherein the colmng
M-V serdconductor laver baving fomed thereln an InF or Gads or InSh device; wherein

the colomm IRV semiconductor layer is CdTe, HgCdTe or En(,

{00307 A number of embodiments of the disclosure have besn deseribed. Nevertheless, #
will be understoed that various modificstions may be made without departing fom the
spivit and scope of the disclosure. For example, silicon cirenits other than CMOS may be
fubricated in the silicon laver, 16, Alse the HE-X layer 32 may contain two device
structures grown in the layer stack,  Accordingly, other embodiments ave within the scope

of the following olaims,



10

3G

WO 2014/130165 PCT/US2014/010397

WHAT IS CLATMED 18:

i, A semiconducior sracture comprising

a silicon substrate having & <111» crystaliographic orlentation;

an insulating layer disposed over & fivs! portion of the silicon substrate;

a silioon layer having a <100> orientation disposed over the insulating
layer,

& non-nitride colwam IV semiconductor faver or column IV
semniconductor layer having the same <111> crystallographic orientation as the silicon
subsirate, the non-ndvide cohunn TRV semiconductor layer or solias 1.1

semiconductor layer being in divect contact with a second portion of the silicon substrate.

2. The semiconductor structuze recited in claim | where the non-nitride devics is

8 eoluron X device, where X is 2 non-nitride slement.

3. The semicondustor devics recite in claim 2 whersin the colmmm X device is

& cofuan f-Ag, cohann BE-P, column I8, or columu I allovs of As, P, §b devies,

4. The semiconductor siuctive recited in oladm 1 including & TN layer in divect

contact with a third portion of the substrate, where N is nitrogen.

8. The semivonductor strnctore recited in clai 2 including s TN laver in divect

contact with a tind portion of the substrate, where N is ndtrogen.

& The semiconductor structure recited s claim 3 including a TN laver in divest

contact with a third portion of the substrate, where N is nitvogen.

7. A semiconductor stracture comprising:
& silicon subsirate having & <11 P> orystallograptde ovlentation;
ant insulating layer disposed over u first portion of the silicon substrate:

2 siticon layer having a <30(> orientation disposed over the lnsulating

iaver,
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3 non-nitride column TRV semiconductor layer or column VY
somiconductor laver having the same <11 1> orystsliographic orientation as the siicon
substraie, the non-nitride column -V semiconductor leyer or colvonm (V]
sermiconductor laver belag in direct contact with a second portion of the silicon substrate,
the golonm BV semiconductor laver being column BE-As, columa H-P, colwun [§-8h,
or column I alloys of As, P, 8§b device and the column I-VI semiconductor being 8

columan 0, columa -8, coluonn H-8e, column H-Te or column I dloys of G, 8, Se, and

Te

8, The semiconductor structure recited in olaim 7 including a I-N layer in divect

gontact with a thizd portion of the substrate, where N is nitrogen.

¢, The semiconducior strochwe recited o olaim 9 wherein the stlicon laverhas a
¥

transistor devige formed therein

10, The semiconductor strocturs recited in olafn ¥ wherein the silicon layer has

CROE transistor devices formed therein,

11, The semiconducior structure recited in olaim 10 whersin the column IH-Y

semiconductor laver having formed therein an InP or GaAs or In8b device.

13, The semiconductor structiwe recited in olatm 1 wherein the colums HIWV

semiconductor layer has formed therein s InP or Gads or InSh device.

13, The semiconductor structure recited in clattn | wherein the cohpmn VY

sewiconductor layer is Cdle, HgCldTe or Sn,

14, The semiconductor structre recited in olaim 180 wheresin the columa WY1

semniconductor layer is CdTe, HgldTe or Lo,
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