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EFFICIENT HEAT-SINKING IN PIN DIODE

TECHNICAL FIELD

[0001] This disclosure relates generally to p-i-n (PINJdi#is implemented in photonic
integrated circuits (PICs), and, in particularstauctures for efficiently dissipating heat

generated in the PIN diodes.

BACKGROUND

[0002] Chip-integrated laser diodes tend to generaterafisignt amount of heat in the active
gain medium. Since the output power and reliabditthe laser diode degrade with increasing
temperature of the active gain medium, they arettamed by the ability to heat-sink the
structure, i.e., transfer heat away from the aagi® medium. Integrated laser diodes are often
implemented as stacks of n-type, intrinsic, angiggtcompound semiconductor layers, with the
intrinsic layer providing the active gain mediumgdanay be disposed on a semiconductor-on-
insulator (SOI) substrate. In various conventiomgllementations, a thick top oxide
encapsulating the p-i-n stack constitutes a subatdhermal barrier that prevents heat from
efficiently dissipating laterally away from theiimsic layer. Heat dissipates, in these structures
primarily from the intrinsic layer through the dthyer below to the substrate as well as
through the diode layer above to a top-side matadr in contact with the top diode layer, from
where the heat can sink through bumps or electtmatiacts and/or back down through the thick
top oxide to the substrate. Heat transfer thrahgke paths is limited, rendering the thermal
impedance of the laser diode insufficient for theelr output power and operational reliability

desired in many applications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Various example embodiments are herein describednjunction with the

accompanying drawings, in which:



4213.071 - INP2954

[0004] FIG. 1 is a cross-sectional side view of an exampbgrated PIN diode device in
accordance with various embodiments, illustratiagthdissipation paths away from the active
layer of the PIN diode;

[0005] FIGS. 2A and 2B are cross-sectional side viewsxafrple integrated PIN diode
devices in which heat dissipation is enhanced byntlal vias shunting heat from a metal
structure connected to the top diode layer to thestsate, in accordance with various
embodiments;

[0006] FIG. 3 is a cross-sectional side view of an exanmqkgrated PIN diode device in
which heat dissipation is enhanced by thermal sfasting heat from a top surface of the
intrinsic diode layer to a metal structure connédtethe top diode layer, in accordance with
various embodiments;

[0007] FIG. 4 is a cross-sectional side view of an examqbkgrated PIN diode device using
the thermal vias of FIGS. 2A and 3 in combinationimproved heat dissipation, in accordance
with various embodiments;

[0008] FIG. 5 is a flow chart of a method of creating @éntly heat-sinked PIN diodes, in
accordance with various embodiments; and

[0009] FIGS. 6A-6F further illustrate the method of FIGwEh cross-sectional side views of
the structures resulting from various steps oftie¢hod, in accordance with various

embodiments.

DETAILED DESCRIPTION

[0010] Disclosed herein are structural improvements tegrated PIN diode devices (such

as, e.g., diode lasers) that heat-sink the actwe medium more efficiently, along with
associated fabrication methods. In various embedts) one or more via holes filled with a
thermally conducting material (herein also “thermiak”) shunt heat across layers that otherwise
constitute significant thermal barriers. For exénpeat transfer from the intrinsic layer to a
metal structure (e.g., layer) above the PIN dio@g tre enhanced by thermal vias between the
intrinsic layer and the metal structure. Alteraely or additionally, heat transfer from the metal
structure to the substrate may be improved by thbwmas from the metal structure through the

top oxide to the substrate. Beneficially, in adeorce with various embodiments, the creation of
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these thermal vias can be seamlessly integratecexisting process flows for PIN diodes, with
some modifications to the employed mask desigrswithout the need for additional
processing that would increase the cost and comypleikfabrication.

[0011] In the following, various example embodiments aesalibed with reference to the
accompanying drawings. For reference, FIG. 1tilaies a structure for an integrated PIN diode
device that utilizes conventional heat-dissipapaths. FIGS. 2A-4 show enhancements to the
structure of FIG. 1 that improve heat-sinking efficy. The figures capture pertinent structural
components schematically, but are not drawn tcescal

[0012] With reference to FIG. 1, an example integrated &itidle device 100 in accordance
with various embodiments is depicted in a crossiseal side view. The device 100 includes an
SOl substrate 102 and, disposed thereabove, aiBtié dtructure 104 embedded in a thick top
oxide (or other dielectric) cladding (herein also@y “top oxide”) 106.

[0013] The substrate 102 generally includes a semicondbettdle 110, a dielectric (e.g.,
oxide) layer 112 disposed thereabove, and a secobor device layer 114 formed on top of
the dielectric layer 112. In standard silicon-astilator substrates, the handle 110 and device
layer 114 are both made of silicon, whereas thiechiec layer 112 is made of silicon dioxide
(and is often referred to as the “buried oxide*"®OX” layer). However, other material
combinations may also be used for the SOI subsi@2e For example, aluminum oxide or
diamond may be used in lieu of silicon dioxide tlog dielectric layer 112, and the handle 110
may be made of aluminum oxide or diamond insteaglliebn. The top oxide cladding 106 may
likewise be silicon dioxide, or some other diel&cinaterial, such as, e.g., aluminum oxide or
silicon nitride.

[0014] The diode structure 104 includes doped top andbolayers 120, 122 and,
“sandwiched” therebetween, an intrinsic layer 12&%ually, the top layer 120 is a p-type layer
and the bottom layer is an n-type layer, but tiverge arrangement (with an n-type top layer and
a p-type bottom layer) is also possible. For defiress, the following description presumes the
top layer to be the p-type layer. The diode lay@@, 122, 124 may be made of compound
semiconductor materials, such as, e.qg., lll-V make(i.e., compound semiconductors made
from a combination of group-Ill and group-V elem®ndr 11-VI materials (i.e., compound

semiconductors made from a combination of grougmtl group-VI elements). Example
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materials frequently used for integrated PIN diodetide, without limitation, gallium arsenide
(GaAs), gallium indium aluminum arsenide (GalnAlAgallium nitride (GaN) and indium
phosphide (InP). The intrinsic layer 124 may lmik semiconductor layer, or may,
alternatively, be, or include a region, composeduaEntum wells, quantum dots, or quantum
dashes. The intrinsic layer 124 generally inclualesctive region made of undoped
(“intrinsically semiconducting”) material (e.qg.glquantum well/dot/dash region), but may also
include one or more sub-layers of n-doped and/doped materials (e.g., along the top and/or
bottom side of the layer 124); that is, the dicalgel 124 herein denoted as the “intrinsic layer”
need not be made of intrinsic material in its etyir As shown, the layers of the diode structure
may decrease in width from the bottom layer 12théotop layer 120. In some embodiments,
the top and intrinsic layers 120, 124 form a ridggnificantly narrower than the bottom layer
122. Further, the top layer 120 may be signifietticker than the bottom layer 122 and/or
(unlike depicted) than the intrinsic layer 124. fAgher shown, the diode structure 104 may be
separated from the substrate 102 by a thin dietdetyer 130, which may form an integral part
of the top oxide 106. This dielectric layer 130 nsayve as electrical insulation between the
diode structure 104 and the semiconductor deviger [B14 (as is needed in some, but not all
embodiments disclosed herein below) as well asmfiyave mechanical bonding between the
diode structure 104 and the underlying device |ay€rto facilitate heterogeneous (e.g., Si/lll-
V) integration.

[0015] The device 100 further includes electrical vias,IMP that provide electrical
connections to the p-type (top) layer 120 and ret{jgnttom) layer 122, respectively. These vias
140, 142 are connected to respective p-side (dg)sind n-side (bottom-side) metal structures
144, 146 (herein also referred to as the “p-sida@ath#&44 and the “n-side metal” 146), which are
in turn connected to different respective electnales. As shown, the p-side and n-side metals
144, 146 may form layers embedded at multiple Eewethin the top oxide 106 (e.g., including
an upper metal contact layer 148 that is part effside metal structure 144). Both the vias
140, 142 and the associated p-side and n-side srietd| 146 may be made, for example and
without limitation, of gold or aluminum. When altage is applied between the p-type and n-
type layers 120, 122 through the respective vids 142, light is generated in the active intrinsic
layer 124. The light may be coupled from the it layer 124 through the n-type layer 122
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and the (in some embodiments optional) dielecayet 130 into a waveguide 150 formed in the
semiconductor device layer 114. (Alternativelyferating as a laser diode, the device 100 can
function as a photodetector that measures, in tefragphotocurrent generated between the p-
type and n-type layers 120, 122, the intensitygifticoupled from the waveguide 150 into the
intrinsic layer 124. While the below-described nfigdtions to the device 100 are discussed and
most beneficial in the context of a laser diodeytban also be applied and provide benefits if
the device 100 is used as a photodetector.)

[0016] In the intrinsic layer 124, heat is primarily geswtexd in the region 160 underneath the
often ridge-like p-type layer 120. The heat cassighiate along various paths indicated in FIG. 1
by respective arrows. A first path 162 goes fromnintrinsic layer 124 through the bottom layer
122 of the diode, the thin dielectric layer 130a(ify), and the semiconductor device layer 114
and buried oxide (or other dielectric) layer 112ha substrate 102 into the substrate handle 110.
This heat transfer is relatively poor because #s®aated area through which heat flows is
defined by the area of heat generation, whichssmsally the small area underneath the p-type
layer 120, as lateral heat spreading in the intriaad n-type layers 124, 122 is generally poor
due to their small thickness and low thermal cotiglitg. Along a second path, heat is
transferred upward from the intrinsic layer 12%tigh the p-type layer 120 and the associated
electrical via 140 to a metal contact layer 14&efassociated p-side metal 144 (partial heat
path 164), where the heat can spread laterallyigbaeat path 166) and then sink through
electrical contact points 168, such as, withoutthtron, metal pillars, solder bumps, or wire-
bonds (partial heat path 170). This path is lilsmalimited in its heat-sinking efficiency because
the path length in the metal contact layer frompghgpe layer 120 to the electrical contact point
168 is usually large and the ability of the elaglticontact points 168 to dissipate heat may itself
be limited. A third path goes likewise upwarddad spreads laterally in, the metal contact layer
148 (partial heat paths 164, 166), but the hettas transferred back down through the top oxide
106 and the semiconductor device and buried oxgers 114, 112 to the substrate handle 110
(partial heat path 172). Heat transfer along plaith is also relatively poor due to the thick top
oxide 106 between the metal contact layer of teelp-metal 144 and the substrate 102, and to a

lesser extent due to the buried oxide layer 112.
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[0017] FIG. 2A illustrates, in a cross-sectional side viaw example integrated PIN diode
device 200 in which heat dissipation along thedtlipove-described path, i.e., upward through
the electrical via 140 contacting the p-type lal/20, laterally through the metal contact layer
148 of the p-side metal 144, and back down thrahghop oxide 106 into the substrate 102
(partial heat paths 164, 166, 172), is enhanceohleyor more thermal vias 202 shunting heat
from the metal contact layer 148 to the semicormtudévice layer 114 of the substrate 102
(partial heat path 204, which forms a portion afiphheat path 172), in accordance with various
embodiments. These thermal vias 202, which areedl#o one or both sides of the diode
structure 104, effectively remove the thermal lesrotherwise presented by the thick top oxide
106, and thereby allow for more efficient heat-gigkof the diode structure 104. Importantly, to
avoid electrically shorting the p-type and n-typede layers 120, 122 in the device 200 of FIG.
2A, the n-type layer 120 is, in this embodimengctically insulated from the semiconductor
device layer 114 (e.g., by the intervening dieiedaryer 130).

[0018] Note that the third heat path through the enhadestte 200, like the first above-
described path 162 down through the n-type lay@rakftl dielectric layer 130 and partially
through the substrate 102 into the handle 110jstiudes heat transfer through the buried oxide
layer 112 (partial heat path 206, which forms aapgortion of partial heat path 172) to
ultimately sink heat in the substrate handle 1HOwever, the number and/or width of the one or
more thermal vias 202 can be configured such tteat total cross-sectional area (in a plane
parallel to the plane of the substrate 102), whliefines the area of heat transfer along this path,
exceeds the area of heat generation in the diodetste 104 (i.e., the area underneath the p-type
layer 120). As a result of such a larger heatsfiemarea, heat dissipation along the enhanced
third path (164, 166, 204, 206) in the device 280 also provide an improvement over the first
above-described path 162 downward into the sulesiatdle 110.

[0019] In some embodiments, the PIN diode device 200 dedusolation trenches 210
formed in the semiconductor device layer 114 surding the diode structure 104 and thermal
vias 202 to electrically isolate the device 200rfrother components integrated on the same
platform. Without such isolation, the electricahoection between the p-type diode layer 120
and the semiconductor device layer 114 may bendefrial to the laser diode or other

components within the PIC. For example, where ipleliaser diodes are integrated on the same
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platform with a continuous, electrically conductisgmiconductor device layer in between,
electrically connecting the p-sides of the diodethe semiconductor device layer 114 could
cause leakage currents between the diodes, apteeles may be held at different electrical
potentials. Also, high-speed components, sucthatodiodes or modulators, integrated on the
same platform may suffer signal-integrity degramiaths a result of noise coupled into them from
the diode device 200 through the shared semicoaddevice layer 114. These and similar
issues can be avoided with isolation trenches Edrecally separating the different
components.

[0020] FIG. 2B illustrates, in a cross-sectional side viaw example integrated PIN diode
device 250 in which heat dissipation between theahoentact layer 148 and the substrate
handle 110 along the third above-described pdilriser enhanced by one or more thermal vias
252 extending from the metal contact layer 148amdy to the semiconductor device layer 114,
but through openings 254 in the semiconductor a@ehager 114 partially through the buried
oxide layer 112, in accordance with various embedits. By shunting heat, in this manner,
through a portion of the buried oxide layer 112, tinermal impedance of the buried oxide layer
112 is effectively reduced. Note that extendingrtimal vias all the way through the buried oxide
layer 112 to the handle 110 is not feasible witramding complexity to the overall fabrication
process flow, while partially etching into the mdioxide layer 112 to create thermal vias 252 as
depicted in FIG. 2B is possible without signifidgrdltering the process flow, and thus provides
a good trade-off between heat-sinking efficiencg &abrication cost and complexity.

[0021] In the embodiment of FIG. 2B, prior to forming tiermal vias 252, the openings
254 in the semiconductor device layer 114 may lbdfivith a dielectric material (e.g., the top
oxide 106, which will inherently fill the openin@$4 as it is deposited over the diode structure
104). This dielectric filling electrically insukes the thermal vias 252 from the semiconductor
device layer 114, and may obviate the need foekediric layer 130 in between the device layer
114 and the diode structure 104 formed thereabswveetl as the need for isolation trenches 210.
[0022] FIG. 3 depicts an example integrated PIN diodea®8D0 in which heat dissipation

is enhanced by thermal vias 302 transferring heat the top surface of the intrinsic diode layer
124 to the metal contact layer 148 of the p-sideahstructure 144, in accordance with various

embodiments. The added thermal vias 302 suppletheriteat flow from the intrinsic layer 124



4213.071 - INP2954

upward through the p-type layer 122 and its assedtielectrical via 140 (partial heat path 164)
with a parallel partial heat path 304, therebyeasing the overall efficiency of heat transfer
from the intrinsic layer 124 to the metal contagtdr 148, and thus the heat-sinking efficiency of
the second and third heat paths described witleot$p FIG. 1. The thermal vias 302 may be
placed on top of the intrinsic layer 124 to ondoth sides of the p-type layer 120. In some
embodiments, the thermally conductive material dsethe thermal vias 302 also absorbs light;
in this case, the thermal vias 302 are placedas®db the p-type layer 120 (and, thus, the center
of heat generation underneath the p-type layer a&@ossible without risking interaction with
the optical mode in the intrinsic layer 124, ashsaptical interaction would cause undesirable
optical loss. For a given configuration of thed#astructure 104, the optimal distance between
the edges of the p-type layer 120 and thermal3@&sthat face one another can be determined
by optical simulation software (e.g., standardwafe with suitable adjustments for this purpose,
which can be straightforwardly implemented by thokerdinary skill in the and do not require
undue experimentation).

[0023] FIG. 4 is a cross-sectional side view of an exanmkgrated PIN diode device 400
that combines the thermal vias 202, 302 of thead=v/200, 300 depicted in FIGS. 2A and 3 for
improved heat dissipation, in accordance with wegiembodiments. The device 400 provides
enhanced heat transfer both from the intrinsicrldy® up to the metal contact layer 148 of the
p-side metal 144, and from the metal contact |4y back down to the substrate 102. As will
be appreciated, the thermal vias 302 can, altelgtibe combined with the vias 252 extending
through the semiconductor device layer 114 paytialio the buried oxide layer 112, as shown in
FIG. 2B.

[0024] The thermal vias included in the PIN diode devize8, 250, 300, 400 can improve
the thermal performance of these devices. For plgrm comparative computational
simulations of the temperature distributions of tle® one hand, an example device 400
including thermal vias both from the intrinsic laye4 to the p-side metal 144 and from the p-
side metal 144 to the semiconductor device laydr afid, on the other hand, an example device
100 lacking such thermal vias, the addition ofttitermal vias was shown to achieve a 25%

reduction in thermal impedance (corresponding26% improvement in thermal heat-sinking).
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[0025] Turning now to FIGS. 5 and 6A-6F, a method 50@doordance with various
embodiments, for creating efficiently heat-sinké HBiode devices 200, 250, 300, 400 is
illustrated in conjunction with the (intermediag#juctures resulting from various steps of the
method 500. Beneficially, the method 500 involeass minor and straightforward adjustments
to existing process flows, allowing improved heaksg to be achieved without added
fabrication cost and complexity.

[0026] The method 500 involves patterning an SOI subsfr@Pe(in act 502) to form
structural features such as, e.g., a waveguideah80in some embodiments, trenches 210 (as
shown for device 200 in FIG. 2A) or openings 2%lghown for device 250 in FIG. 2B) in the
semiconductor device layer 114. The patterning beagchieved by standard photolithography
and etching, and may include a sequence of mulsigles to achieve various etch depths (e.g., a
partial etch of the semiconductor device layer fit4he waveguide 150 and full etches for the
trenches 210 and/or openings 254). In some emlsodsna thin dielectric layer 130 is
deposited over the patterned SOI substrate 10Bb(@bdtact 504). Next, a diode structure 104 is
created on top of the substrate 102 or dieleasierd 130 by bonding a stack of n-type, intrinsic,
and p-type layers and then patterning (e.g., vaagthography and etching) the stack to define
the desired width and length of the various lay@2®, 124, 120 (act 506). The diode structure
104 is then encapsulated in a thick top oxide ¢tegl@lO6 deposited over the substrate (act 508).
The resulting intermediate device structure 60¢hswn in FIG. 6A.

[0027] In the next few steps of the process, electricdltaermal vias 140, 142, 202/252,
and/or 302 are created, which generally involveatepaing the top oxide 106 and etching via
holes at the desired location and to the desirpthdend/or stop layer (acts 510, 512), and then
filling the via holes with the desired materialgiea metal) (act 514). In general, vias of the
same material that do not differ significantly @mgth can be created simultaneously, whereas
via holes that have substantially different lengihare to be filled with different materials may
involve multiple separate etch and fill steps.vémious embodiments of the disclosed PIN diode
devices, the overall height of the bottom and msic diode layers 122, 124 and (if present) the
dielectric layer 130 underneath is small compar#H the length of the electrical and thermal

vias 142, 202, 302 contacting these layers, allgwhose vias to be created simultaneously.
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[0028] Thus, with renewed reference to FIG. 5 and furitién reference to FIG. 6B, the top
oxide cladding 106 may be patterned and etchedrin,fin the same act 510, intermediate
device structure 610 (FIG. 6B) with via holes 6&Rthe electrical n-vias contacting the n-type
bottom diode layer 122 and via holes 614, 616Herthermal vias extending down to the top
surface of the intrinsic layer 124 and the top atefof the semiconductor device layer 114,
respectively (act 510). In embodiments with thdmmas 252 extending through the
semiconductor device layer 114 into the dieledayer 112 underneath, the respective via holes
618 may, similarly, be formed along with the vidd®612 for the electrical n-vias. (Note that,
while FIGS. 6B-6F depict thermal via holes 616 &i&b 202 ending at the device layer 114 and
thermal via holes 618 and vias 252 penetratingléwice layer 114 in the same structure, a given
device will usually include only one of these twpés of vias 202, 252.) The slightly different
lengths of the via holes 612, 614 or 612, 618 @aadhieved with the same etch by taking
advantage of the diode layers 122, 124 functioamgtop layers for the etch. For example,
during a simultaneous etch of thermal via hole(s) &nd electrical n-via holes 612, the etch of
the thermal via hole(s) 614 will stop at the ingimlayer 124 (due to a much higher etch rate of
the top oxide 106 as compared to the semiconducaterial of the intrinsic layer) even as the
etch of the electrical n-via holes 612 proceedmil&rly, during a simultaneous etch of thermal
via holes 616 or 618 and electrical n-via holes, 8€ etch of the electrical n-via holes 612 will
stop at the n-type bottom layer 122 while the themim holes 616 or 618 are extended further
downward through the oxide cladding 106.

[0029] With reference to FIGS. 5 and 6C, following fornoatiof the via holes 612, 614, 616,
618 for the thermal vias and electrical n-vias,tteoxide cladding 106 is etched, usually in a
separate act 512, to form an intermediate devicetstre 620 that also includes a via hole 622
for the electrical p-via contacting the p-type thpde layer 120. It may be possible, in some
embodiments, to etch all electrical and thermalhakbes together in the same step. However, in
practice, the p-via is significantly shallower thitae n-via (and thermal vias), and is therefore
created separately.

[0030] Once all via holes have been created, they maylée, fin act 514, with suitable
electrically and thermally conductive material,.eane or more metals, to form the various
electrical and thermal vias 140, 142, 202, 252/@m@D2; FIG. 6D shows the resulting structure

10
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630. In some embodiments, the vias are filled witlitiple layers of different metals. As will

be appreciated by those of ordinary skill in the @iiching and filling via holes may alternate if
different fill materials are used for different pestive vias. For example, a first set of via Bole
may be etched and filled with a first metal (or tipié first metals), the metal deposited over the
surface of the structure may be polished backvealkthe top oxide, and then a second set of via
holes may be etched and filled with a second nfetahultiple second metals).

[0031] Following the creation of the various electricatidhermal vias, the associated p-side
and n-side metal structures are formed in acts3216- As shown by way of example, a lower
“level-1" metal layer may be deposited on top & ghanar top oxide and patterned (in act 516)
to form, as shown in the structure 640 of FIG. &pprtion 642 of the p-side metal as well as (at
least part of) the n-side metal 644. Furtheryalld thermal metal layer 646 connecting
multiple thermal vias 202 or 252 may be formeddsist in lateral heat spreading. Note that the
n-side metal 644 is electrically insulated fromtbtite p-side metal 642 and the thermal metal
layer 646. Next, as illustrated with the structG®® of FIG. 6F, a further layer of top oxide 106
is deposited over the level-1 metal layer, anthésdafter patterned and etched to form vias 652
that establish connections between portions opthiele metal residing in the level-1 and level-2
metal layers and between the p-side metal anchérental vias (act 518). The level-2 metal layer
654 is then deposited (and, if needed, patterraad)520), resulting in the final structure 650
shown in FIG. 6F.

[0032] Having described different aspects and featureffimient heat-sinking in p-i-n
diodes, the following numbered examples are praleeillustrative embodiments:

[0033] 1. A device comprising: a semiconductor-on-ingarlgubstrate comprising a
semiconductor handle, a buried oxide layer dispasetp of the semiconductor handle, and a
semiconductor device layer disposed on top of tireetd oxide layer; a top oxide cladding
disposed on the semiconductor device layer; a piede embedded in the top cladding layer,
the p-i-n diode comprising a doped top layer, dnnsic layer, and a doped bottom layer; a
metal structure embedded in the top oxide claddmiyelectrically connected to the doped top
layer; and one or more thermal vias extending ftbenmetal structure through the top oxide
cladding at least to the semiconductor device |dyar not extending through the buried oxide

layer to the semiconductor handle.

11
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[0034] 2. The device of example 1, wherein the one orentioermal vias contact the
semiconductor device layer and wherein the dop¢timoayer is electrically isolated from the
semiconductor device layer.

[0035] 3. The device of example 2, further comprising onenore isolation channels
formed in the semiconductor device layer surrougdne p-i-n diode and the one or more
thermal vias.

[0036] 4. The device of example 1, wherein the one orentloermal vias extend through
openings in the semiconductor device layer paytialio the buried oxide layer and are
electrically isolated from the semiconductor devayeer.

[0037] 5. The device of any one of examples 1-4, wheadtal cross-sectional area of the
one or more thermal vias parallel to a plane ofsermiconductor-on-insulator substrate exceeds
an area of the intrinsic layer of the p-i-n diode.

[0038] 6. The device of any one of examples 1-5, whette@rone or more thermal vias are
first thermal vias, the device further comprisingne or more second thermal vias extending
from a top surface of the intrinsic layer to thetahstructure.

[0039] 7. The device of example 6, wherein the dopedager forms a ridge on top of the
intrinsic layer, the one or more second vias béateyally offset from the ridge.

[0040] 8. The device of any one of examples 1-7, wheterdoped top layer is a p-type
layer and the doped bottom layer is an n-type layer

[0041] 9. The device of any one of examples 1-8, wheterthermal vias comprise one or
more metals. ‘

[0042] 10. A device comprising: a semiconductor-on-iasul substrate comprising a
semiconductor handle, a buried oxide layer dispasetp of the semiconductor handle, and a
semiconductor device layer disposed on top of tireetd oxide layer; a top oxide cladding
disposed on the semiconductor device layer; a piede embedded in the top cladding layer,
the p-i-n diode comprising a doped top layer, dnnsic layer, and a doped bottom layer; a
metal structure embedded in the top oxide claddmtyelectrically connected to the doped top
layer; and one or more thermal vias extending feotop surface of the intrinsic layer to the

metal structure.

12
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[0043] 11. The device of example 10, wherein the doppdayer forms a ridge on top of
the intrinsic layer, the one or more thermal viasp laterally offset from the ridge.

[0044] 12. The device of example 10 or example 11, whetet doped top layer is a p-type
layer and the doped bottom layer is an n-type layer

[0045] 13. The device of any one of examples 10-12, whehe thermal vias comprise one
or more metals.

[0046] 14. The device of any one of examples 10-13, whéehe p-i-n diode comprises a
compound semiconductor material.

[0047] 15. A method comprising: forming a p-i-n diode edbted within a top oxide
cladding on a semiconductor-on-insulator substtatep-i-n diode comprising doped top and
bottom layers and an intrinsic layer therebetwegthing one or more first electrical via holes
extending down to a top surface of the doped botaymr; etching one or more thermal via
holes, the one or more thermal via holes compriairigast one of one or more first thermal via
holes extending down to at least a semiconductaceddayer of the semiconductor-on-insulator
substrate or one or more second thermal via halenéing down to a top surface of the
intrinsic layer; etching a second electrical videhextending down to a top surface of the doped
top layer; and filling the first and second elezfivia holes with one or more electrically
conductive materials to form respective first aadand electrical vias and filling the one or
more thermal via holes with one or more thermatigductive materials to form one or more
thermal vias.

[0048] 16. The method of example 15, further comprisif@gming metal structures
connecting the one or more thermal vias and thergkelectrical via to a first common electrical
node and connecting the one or more first eledtvies to a second electrical node.

[0049] 17. The method of example 15 or example 16, wheha first electrical via holes
and the one or more thermal via holes are etchedlsineously.

[0050] 18. The method of any one of examples 15-17, viné¢ine first and second electrical
via holes and the one or more thermal via holedilsed with a same metal.

[0051] 19. The method of any one of examples 15-18, éurtbmprising, prior to forming
the p-i-n diode, etching one or more openings thinaihe semiconductor device layer of the

semiconductor-on-insulator substrate, wherein tleear more thermal via holes comprise one or

13
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more first thermal via holes extending throughdpenings partially into a buried oxide layer
underneath.

[0052] 20. The method of any one of examples 15-19, viué¢ine one or more thermal via
holes comprise one or more first thermal via heleding at the semiconductor device layer, and
wherein the p-i-n diode is formed on top of an lasng layer disposed on the semiconductor-
on-insulator substrate.

[0053] Although the inventive subject matter has been riesd with reference to specific
example embodiments, it will be evident that vasiowodifications and changes may be made to
these embodiments without departing from the brogpigit and scope of the inventive subject
matter. Accordingly, the specification and dravérage to be regarded in an illustrative rather

than a restrictive sense.

14
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CLAIMS

What is claimed is:

1. A device comprising:

a semiconductor-on-insulator substrate compriaisgmiconductor handle, a buried
oxide layer disposed on top of the semiconductadiea and a semiconductor device layer
disposed on top of the buried oxide layer;

a top oxide cladding disposed on the semicondutdwvice layer;

a p-i-n diode embedded in the top cladding layes,g-i-n diode comprising a doped top
layer, an intrinsic layer, and a doped bottom layer

a metal structure embedded in the top oxide ctegddnd electrically connected to the
doped top layer; and

one or more thermal vias extending from the mstalcture through the top oxide
cladding at least to the semiconductor device |dyatrnot extending through the buried oxide

layer to the semiconductor handle.

2. The device of claim 1, wherein the one or mbegrhal vias contact the semiconductor
device layer and wherein the doped bottom layelastrically isolated from the semiconductor

device layer.

3. The device of claim 2, further comprising onermre isolation channels formed in the

semiconductor device layer surrounding the p-iaddiand the one or more thermal vias.
4, The device of claim 1, wherein the one or mbezrhal vias extend through openings in

the semiconductor device layer partially into theidd oxide layer and are electrically isolated

from the semiconductor device layer.

15



4213.071 - INP2954

5. The device of claim 1, wherein a total crosdisaal area of the one or more thermal
vias parallel to a plane of the semiconductor-asuator substrate exceeds an area of the

intrinsic layer of the p-i-n diode.

6. The device of claim 1, wherein the one or mbezrnal vias are first thermal vias, the
device further comprising:
one or more second thermal vias extending fronpatwface of the intrinsic layer to the

metal structure.

7. The device of claim 6, wherein the doped togtdgrms a ridge on top of the intrinsic

layer, the one or more second vias being latecdfset from the ridge.

8. The device of claim 1, wherein the doped togtay a p-type layer and the doped bottom

layer is an n-type layer.

9. The device of claim 1, wherein the thermal wasiprise one or more metals.

10. A device comprising:

a semiconductor-on-insulator substrate compriaisgmiconductor handle, a buried
oxide layer disposed on top of the semiconductadiea and a semiconductor device layer
disposed on top of the buried oxide layer;

a top oxide cladding disposed on the semicondutdwvice layer;

a p-i-n diode embedded in the top cladding layes,g-i-n diode comprising a doped top
layer, an intrinsic layer, and a doped bottom layer

a metal structure embedded in the top oxide ctegddnd electrically connected to the
doped top layer; and

one or more thermal vias extending from a topasgfof the intrinsic layer to the metal

structure.
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11.  The device of claim 10, wherein the doped &yel forms a ridge on top of the intrinsic

layer, the one or more thermal vias being lateratffget from the ridge.

12. The device of claim 10, wherein the doped &yet is a p-type layer and the doped

bottom layer is an n-type layer.

13. The device of claim 10, wherein the therma$wiamprise one or more metals.

14.  The device of claim 10, wherein the p-i-n diedenprises a compound semiconductor

material.

15. A method comprising:

forming a p-i-n diode embedded within a top oxitldding on a semiconductor-on-
insulator substrate, the p-i-n diode comprisingetbfmp and bottom layers and an intrinsic layer
therebetween,;

etching one or more first electrical via holes exieg down to a top surface of the doped
bottom layer;

etching one or more thermal via holes, the one anerthermal via holes comprising at
least one of one or more first thermal via holegrding down to at least a semiconductor
device layer of the semiconductor-on-insulator sals or one or more second thermal via holes
extending down to a top surface of the intrinsiela

etching a second electrical via hole extending dawa top surface of the doped top
layer; and

filling the first and second electrical via holeghwone or more electrically conductive
materials to form respective first and second alsdtvias and filling the one or more thermal

via holes with one or more thermally conductive enials to form one or more thermal vias.

17
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16.  The method of claim 15, further comprising:
forming metal structures connecting the one or ntleeemal vias and the second
electrical via to a first common electrical nodel @onnecting the one or more first electrical

vias to a second electrical node.

17. The method of claim 15, wherein the first eieat via holes and the one or more thermal

via holes are etched simultaneously.

18. The method of claim 15, wherein the first aadosid electrical via holes and the one or

more thermal via holes are filled with a same metal

19. The method of claim 15, further comprisingppto forming the p-i-n diode, etching one
or more openings through the semiconductor dewygerlof the semiconductor-on-insulator
substrate, wherein the one or more thermal viashodenprise one or more first thermal via holes

extending through the openings partially into adulioxide layer underneath.

20.  The method of claim 15, wherein the one or ntleeemal via holes comprise one or
more first thermal via holes ending at the semicmbar device layer, and wherein the p-i-n
diode is formed on top of an insulating layer dsgmbon the semiconductor-on-insulator
substrate.
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