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Hydrogenated amorphous dielectric thin films are critical materials in a wide array of technologies. In this19

work, we present a thorough investigation of the thermal conductivity of hydrogenated amorphous silicon ni-20

tride (a-SiNx:H), a ubiquitously used material in which the stoichiometry plays a direct role in its functionality21

and application. In particular, through chemical, vibrational, and structural analysis in tandem with thermal con-22

ductivity measurements on chemically variant silicon nitride films, we show that hydrogen incorporation into23

silicon nitride disrupts the bonding among silicon and nitrogen atoms, and directly impacts the thermal conduc-24

tivity, leading to as much as a factor of 2.5 variation in heat transfer. This variability, driven by the change in25

hydrogen content, is fundamentally related to the changes in the average atomic distances, as we experimentally26

measure with selected area electron diffraction and computationally show with molecular dynamics simula-27

tions. This, combined with our evidence of chemical and spatial fluctuations on the order of average atomic28

pair distances, leads us to conclude that the vibrational heat transport in a-SiNx:H is primarily dominated by29

diffuson-like modes. The results presented in this work combined with our extensive review of prior reports on30

the thermal conductivity of a-SiNx:H films resolves discrepancies in decades of prior literature and facilitates31

a more universal understanding of the vibrational heat transport processes in hydrogenated amorphous silicon32

nitride.33

I. INTRODUCTION34

Hydrogenated amorphous thin films are widely used in the35

semiconductor industry for a variety of electronic, optoelec-36

tronic, photovoltaic, thermal, mechanical, microelectrome-37

chanical, and biological applications [1–7]. Amorphous hy-38

drogenated silicon nitride (a-SiNx:H) films, in particular, are39

widely used for both surface and bulk passivation of sili-40

con and as anti-reflective coatings to improve solar cell ef-41

ficiency [8–14]. The higher refractive indices in these films,42

and their tunability based on stoichiometry, make a-SiNx:H43

films highly appealing for selective anti-reflective coatings44

compared with alternative thermal oxide layers [10]. Beyond45

solar cell applications, a-SiNx:H films also find use as gate di-46

electrics for insulation in amorphous hydrogenated silicon (a-47

Si:H)-based and organic thin-film-based transistors [15, 16],48

heterojunction bipolar transistor technology [17], as well as49

liquid-crystal display (LCD) and other newly emerging dis-50

play technologies [2].51
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Despite its ubiquity in these application areas, a thorough52

investigation of the thermal properties of a-SiNx:H has re-53

mained unexplored. In particular, because stoichiometry and54

hydrogen composition control the physical properties of this55

material [18], a systematic study of the role of Si, N, and56

H composition on the thermal conductivity of a-SiNx:H thin57

films would greatly benefit the prediction and modeling of58

heat transfer in devices reliant on these films. Considering59

the aforementioned application space, the thicknesses of a-60

SiNx:H films can vary between a few nanometers to sev-61

eral microns. Thus, in this work we investigate the role of62

film thickness, composition, and hydrogenation on the ther-63

mal conductivity of plasma-enhanced chemical vapor depo-64

sition (PECVD)-grown a-SiNx:H films to show how thermal65

conductivity can be systematically reduced through increasing66

hydrogen content; in fact, no matter the ratio of Si and N, the67

thermal conductivity is primarily dictated by the atomic per-68

centage of hydrogen (at. % H). We find that for our specific69

PECVD films, the growth conditions restrict the lower-bound70

of achievable hydrogen content. Thus, in order to further re-71

duce the at. % H in these materials, we anneal the samples72

at four temperatures ranging from 650 ◦C to 1000 ◦C to re-73

move hydrogen through chemical dissociation [19]. Between74

the as-deposited and annealed films, the composition of our75
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PECVD-grown a-SiNx:H films range from 0–26 at.% H with76

at. % N:at. % Si ratios ranging from 0.45–1.41.77

This extensive study of the role of thickness and compo-78

sition on the thermal conductivity of a-SiNx:H also allows us79

to further understand the fundamental vibrational mechanisms80

that drive thermal transport in a-SiNx. In amorphous solids,81

the vibrational modes contributing to thermal transport con-82

sist of localized, non-propagating modes called locons, delo-83

calized, non-propagating modes called diffusons, and delocal-84

ized, propagating modes called propagons [20]. For propagat-85

ing modes, the eigenvectors associated with each vibrational86

mode have a preferred direction and a well-defined periodic-87

ity, which is in contrast to modes described as diffusons and88

locons. While locons are highly localized, diffusons are de-89

localized over the entire structure. As such, diffuson medi-90

ated heat transfer occurs via the spatial overlap of the delocal-91

ized modes. This is quantified by the Allen-Feldman theory92

[21], where the diffusivity of delocalized modes responsible93

for heat conduction depends on the spatial overlap of eigen-94

vectors as well as the energetic overlap (or how close the fre-95

quencies of the modes are to each other) [22].96

Evidence for propagon thermal transport is typically sought97

through observation of sample size-dependent thermal con-98

ductivity, since propagating modes can be suppressed through99

boundary scattering. A strong contribution to thermal con-100

ductivity from propagons, or longer wavelength propagon-101

like modes, is seemingly rare in amorphous solids, having102

only been shown conclusively in amorphous silicon [23–27].103

While the thermal conductivity of a-SiNx has been suggested104

to have a contribution from propagons at room temperature105

[24], verification of this as a general rule has remained incon-106

clusive. Thus, to selectively study the role of hydrogen on107

propagon thermal transport, we additionally measure the ther-108

mal conductivity of hydrogenated amorphous silicon (a-Si:H)109

as a function of film thickness. It is well established that a-110

Si can have a large fraction of its thermal conductivity com-111

prised of propagons or other longer wavelength propagon-like112

modes [23–29], as evidenced by increasing thermal conduc-113

tivity with increasing sample thickness. The addition of hy-114

drogen to both a-Si and a-SiNx adds the additional complexity115

of bond termination. Beyond simply mass variation alone, the116

addition of hydrogen fundamentally reduces the coordination117

number, defined as the average number of atomic bonds an118

atom in a material possesses, which we previously showed to119

have significant influence on the thermal conductivity of 200120

nm films of hydrogenated amorphous silicon, hydrogenated121

amorphous silicon oxide, and hydrogenated amorphous sili-122

con carbide [30].123

In this work, we show that hydrogen incorporation into sil-124

icon nitride disrupts the bonding among silicon and nitrogen125

atoms by first incorporating primarily as Si-H bonding, with126

increased N-H bonding at higher hydrogen concentrations.127

This incorporation of hydrogen leads to an increase in average128

atomic pair distances, as measured via selected-area electron129

diffraction, which underpins the resulting decrease in density130

of the films, and directly translates to a reduction in thermal131

conductivity. Regardless of the hydrogen content and density,132

we observe no significant change in thermal conductivity with133

film thickness for thicknesses ranging from 50 nm to 2 µm,134

ruling out that propagons or other longer wavelength modes135

with scattering length scales on the order of 50 nm or greater136

are contributing to thermal conductivity in a-SiNx:H films,137

suggesting that the vibrational heat transport in a-SiNx:H is138

primarily dominated by diffuson-like modes at room tempera-139

ture. The thermal conductivity of the diffusons in a-SiNx:H is140

a direct function of the hydrogen composition, and is propor-141

tional to the density and average atomic pair distances in the142

material. We further support this conclusion through molecu-143

lar dynamics simulations, and show that an increased density144

leads to an increased overlap of the diffuson wavefunctions,145

leading to the increased diffuson thermal conductivity. The146

original results presented in this work combined with our ex-147

tensive review of prior reports on the thermal conductivity of148

a-SiNx:H films resolves discrepancies in prior literature and149

facilitates a more universal understanding of the vibrational150

heat transport processes in hydrogenated amorphous silicon151

nitride.152

II. BACKGROUND AND LITERATURE REVIEW153

While few studies on thermal conductivity of the explic-154

itly defined hydrogenated variant have been reported, amor-155

phous silicon nitride (a-SiNx) has been extensively studied156

due to its application in thermal isolation, surface passiva-157

tion, etch masking, and as structural or optical layers for vari-158

ous micro-electromechanical systems (MEMS) [31, 32]. The159

various references, thermal conductivities, and pertinent de-160

position and thermophysical properties of a-SiNx thin films161

are discussed in context below, with the values tabulated in162

Tables II and III in the Appendix. The goal of this section163

is to present these previously measured thermal conductiv-164

ities of a-SiNx as a function of film thickness and, if re-165

ported, growth (or annealing) temperature, composition based166

on reported ratio of at.% N to at.% Si, or mass density. We167

also differentiate among the a-SiNx films based on deposition168

method, which include low-pressure chemical vapor deposi-169

tion (LPCVD) [33–46], plasma-enhanced chemical vapor de-170

position (PECVD) [32, 47–50], atmospheric pressure chemi-171

cal vapor deposition (APCVD) [50], chemical vapor deposi-172

tion (CVD) [51, 52], and sputtering [53, 54]. We make this173

differentiation since PECVD-deposited silicon nitride films174

will contain some level of hydrogen [55], but in these previous175

reports of the thermal conductivity of PECVD-grown films176

[32, 47–50], the hydrogen composition is neither discussed177

nor quantified. Thus, in this work, we assume that the previ-178

ously grown PECVD films have a composition of a-SiNx:H.179

We focus this review on previous works reporting on the ther-180

mal conductivity of amorphous silicon nitride films, although181

in one case discussed below, partial crystallinity was posited,182

and we mention this in our discussion. Due to the variations183

in deposition methods and measurement techniques, the films184

reviewed here are a combination of suspended beams or sup-185

ported films on substrates; we can not make any assumption186

on how this boundary condition impacts the reported thermal187

conductivities of these previously reported films. The litera-188
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ture review in this section will guide the formulation of the189

major outstanding unanswered questions that have prevented190

a more complete understanding of the fundamental vibrational191

heat transfer processes in a-SiNx, and how and why variable192

hydrogen composition impacts the thermal conductivity of a-193

SiNx:H.194

A summary of the previously reported thermal conductiv-195

ities of amorphous silicon nitride films, provided in Fig. 1196

and tabulated in Tables II and III in the Appendix, reveals a197

wide variation in the reported thermal conductivity, κ, for a-198

SiNx as a function of film thickness, ranging from ∼0.5 to 13199

W m−1 K−1 at room temperature. While conventional wis-200

dom suggests the thermal conductivity of amorphous materi-201

als is isotropic, Kwon et al. [25] used a-Si to show that this202

is not always the case. Therefore, it is important to empha-203

size the direction of κ reported (in-plane, κr, which is par-204

allel to the limiting dimension, or cross-plane, κz, which is205

perpendicular to the limiting dimension). The majority of re-206

ported measurements on thermal conductivity have been con-207

ducted on suspended films and membranes, such that κr is208

fundamentally measured. In Fig. 1 we distinguish between209

previously reported values of in-plane thermal conductivities210

[32–44, 47, 51, 52] and cross-plane thermal conductivities211

[45, 46, 48–50, 53, 54] by plotting κr vs. film thickness (d)212

in Fig. 1a and κz vs. d in Fig. 1b.213

An immediate empirical conclusion that can be drawn from214

the trends in Figs. 1a and b is that while there is no apparent215

trend in thermal conductivity vs. d in the in-plane direction,216

there could be a size effect driving the trends in the cross-217

plane thermal conductivity vs. d, depending on the deposi-218

tion method. It is important to note, however, that Lee and219

Cahill [50] explained this trend in their κz vs. d data on their220

PECVD-grown films by considering a thermal boundary re-221

sistance [56–58] at the films’ interfaces that impacted their222

3ω measurements [59] by introducing additional thermal re-223

sistances in series with the intrinsic thermal conductivity of224

the amorphous silicon nitride. Thus, the κz values reported225

for a-SiNx:H by Lee and Cahill [50] were in fact effective226

thermal conductivities that included the impact of the ther-227

mal boundary resistances, and thus their work could suggest228

that the intrinsic cross-plane thermal conductivity of PECVD-229

grown a-SiNx:H films should not exhibit any intrinsic size ef-230

fects. This is supported by measurements of κz of LPCVD-231

grown a-SiNx films for two different thicknesses (d = 46 and232

232 nm) by Hopkins et al. [45] using time-domain thermore-233

flectance (TDTR) [60, 61]. TDTR is well established to be234

able to separate the contributions of thermal boundary resis-235

tances from intrinsic thermal conductivities of thin films when236

measuring the cross-plane thermal properties of thin film com-237

posites [45] (assuming suitable thicknesses and thermal con-238

ductivities of the thin films [62, 63]). The thermal conduc-239

tivities of the LPCVD-grown a-SiNx film reported by Hop-240

kins et al. [45] are not only relatively constant for the two241

thicknesses, but also higher than other previous reports of κz242

for amorphous silicon nitride films shown in Fig. 1b. While243

this could be explained by the aforementioned thermal bound-244

ary resistances, other factors leading to discrepancies in these245

cross-plane data are the differing growth conditions, changes246

in mass densities, and different stoichiometries. This exam-247

ple is but one of many inconsistencies among the various data248

presented in Figs. 1a and b. In general, we find that due to249

the wide variability in the thermal conductivity of amorphous250

silicon nitride based on different deposition techniques, addi-251

tional considerations beyond film thickness must be dictating252

the thermal conductivity of a-SiNx thin films. We discuss each253

of these prior works in more detail below.254

We begin this detailed discussion with the in-plane thermal255

conductivity data in Fig. 1a. Mastrangelo et al. [33] first mea-256

sured κr of low-stress, LPCVD-grown Si1.0N1.1 microbridges257

ranging in thickness from 2 to 4 µm to be 3.2 W m−1 K−1
258

with no dependence on thickness; we note that Mastrangelo et259

al. [33] did not report on whether these films were amorphous260

or not. Griffin et al. [51] later measured κr for CVD-grown261

amorphous Si3N4 using a steady-state technique to be ∼2 W262

m−1 K−1 and independent of thickness for films ranging in263

thicknesses from 0.06 to 8 µm. Zhang and Grigoropoulos [40]264

used three experimental methods – the phase-shift method, the265

amplitude method, and the heat-pulse method – to determine266

κr for a Si-rich SiNx film (66.8% Si and 33.2% N in atomic267

weight) deposited via LPVCD; they found κr to be 9 and 13268

W m−1 K−1 for the 1.4 µm and 0.6 µm film, respectively,269

where the reduced thermal conductivity of the thicker film was270

postulated to be due to a higher density of voids. These data271

reported by Zhang and Grigoropoulos are the highest values272

for amorphous silicon nitride thermal conductivity reported to273

date. However, given the Si composition and growth tempera-274

ture, we cannot rule out the possibility of local crystallization275

of the Si, which could explain these high values; note, film276

microstructure was not reported in this work. Irace and Sarro277

[41] used a resistor heating and thermocouple-based tech-278

nique to measure κr of a 800 nm thick, low stress LPCVD-279

grown SiNx membrane to be 1.55 W m−1 K−1, the lowest280

value of κr yet reported. However, Zink and Hellman [34]281

later used a membrane-based microcalorimeter technique to282

measure κr of a LPCVD-grown 200 nm thick low-stress amor-283

phous SiNx membrane to be∼3 W m−1 K−1 at room temper-284

ature, in agreement with the measurement by Mastrangelo et285

al. [33] despite an order of magnitude reduction in thickness.286

Eriksson et al. [32] used an electrical-based resistive heater287

and temperature sensor method to measure κr on a series of288

300 nm and 500 nm thick SiNx:H membranes (reported as a-289

SiN). They reported variations in their measured thermal con-290

ductivities among the five measurements ranging from 3.8 –291

5.1 W m−1 K−1 with no systematic trend in film thickness.292

While the authors discussed potential artifacts and uncertain-293

ties in their measurements due to heat flux losses and tem-294

perature coefficient of resistance calibrations, they also point295

out that the measured heat capacities per unit mass in each296

of their films are different, which could indicate changes in297

stoichiometry, consistent with our discussion above regarding298

the hydrogen compositions in PECVD grown films. As with299

all other works studying the thermal conductivity of PECVD-300

grown amorphous silicon nitride thin films discussed here,301

the hydrogen content in their films was neither discussed nor302

quantified. Similarly, Stojoanovic et al. [47] used a resistive303

heater and resistance-based temperature detector to determine304
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(b)(a)

FIG. 1. (a) In-plane thermal conductivity and (b) cross-plane thermal conductivity vs. film thickness for amorphous silicon nitride. The thermal
conductivity is shown for References [32–54]. Closed symbols represent in-plane thermal conductivity measurements, while open symbols
represent cross-plane thermal conductivity measurements. These data points are tabulated in Tables II and Tables III in the Appendix.

κr of PECVD-grown, 180 nm thick SiNx:H membranes (re-305

ported as SiNx) to be ∼2 W m−1 K−1, lower than the val-306

ues reported by Eriksson et al. [32] but for a thinner mem-307

brane, but again, hydrogen content in these PECVD-grown308

films was ignored. However, shortly after, Jain and Good-309

son [37] used the 3ω method to determine κr for a LPCVD-310

grown, freestanding 1.5 µm thick SiNx film to be ∼5 W m−1
311

K−1. Around the same time, Lee et al. [52] used a similar in-312

plane 3ω method to measure κr for a 550 nm thick, LPCVD-313

grown SiNx film to be 5.4 W m−1 K−1, in agreement with314

the 3× thicker film measured by Jain and Goodson. Queen315

and Hellman [38] used a membrane-based nanocalorimeter316

approach to find that κr of 50 and 200 nm thick suspended317

SiN1.15 membranes were ∼2.5 and ∼4.5 W m−1 K−1, re-318

spectively; the reduced value of the former was attributed to319

boundary scattering, possibly evidence for strong propagon320

contribution to κ. Alam et al. [42] used a MEMS-based ex-321

periment to measure the strain-dependent κr of a 50 nm thick,322

LPCVD grown, stoichiometric Si1N1−1.1 suspended film; the323

unstrained κr was 2.7 W m−1 K−1 but reduced to 0.34 W324

m−1 K−1 when tensile strain was increased to 2.4%. In con-325

trast, Ftouni et al. [39] used the reported stress-independent326

κr of 50 and 100 nm thick membranes to be ∼2.5 – 3 W m−1
327

K−1 for the four samples tested, with modest thickness de-328

pendence in thermal conductivity. Sikora et al. [43] used the329

3ω-Völklein method to measure κr of a LPCVD-grown, low-330

stress, 100 nm thick a-SiNx membrane to be 10 W m−1 K−1,331

in agreement with the seemingly outlier values determined by332

Zhang and Grigoropoulos. Bodenschatz et al. [44] measured333

κr of a 100 nm thick SiNx membrane to be 3 W m−1 K−1. Fi-334

nally, Sultan et al. [35] used a MEMS-based micromachined335

suspended platform structure to measure κr for 500 nm thick,336

LPCVD-grown SiNx microbridges to be ∼2.5 to 3.2 W m−1
337

K−1 at room temperature, a wider range but still in agreement338

with previous measurements from the same group [36]. These339

in-plane thermal conductivity data, along with additional per-340

tinent properties, are tabulated in Table II in the Appendix.341

Taken as a whole, there is a wide variation in reported κr rang-342

ing from 1.2 to 13 W m−1 K−1 and no clear evidence of film343

thickness or deposition method systematically affecting κr.344

There have been fewer reports on the cross-plane thermal345

conductivity data of amorphous silicon nitride as compared to346

κr. Figure 1b plots these data as a function of film thickness.347

Lee and Cahill [50] first used the 3ω technique to measure the348

thickness dependence of κz in PECVD grown a-SiNx:H (re-349

ported as Si1N1.1) having thicknesses from 20 nm to 300 nm350

to reveal an increase in κz from ∼0.5 to ∼0.8 W m−1 K−1
351

over this thickness range; however, they ascribe this trend to352

interfacial thermal resistance, as previously mentioned. On353

the other hand, a 180 nm sample grown with APCVD had354

a thermal conductivity of ∼1.5 W m−1 K−1, revealing that355

differences in deposition process can have much larger influ-356

ences on thermal conductivity than film thickness. Govorkov357

et al. [53] used a differential photoacoustic method to measure358

κ of sputter-deposited Si3N4 to be 1.2 W m−1 K−1 for 100,359

210, and 420 nm films. Bai et al. [46] used transient ther-360

moreflectance to measure κz of LPCVD-grown Si3N4 films361

ranging in thickness from 37 to 200 nm; they found an in-362

creasing κz with thickness, increasing from 1.24 to 2.09 W363

m−1 K−1. Coquil et al. [48] used the 3ω method to deter-364

mine κz for a 500 nm thick, PECVD-grown a-SiNx:H film365

(reported as a-SiN) to be 1.2 ± 0.4 W m−1 K−1. Hopkins366

et al. [45] used TDTR to measure κz to be 3.1 and 3.5 W367

m−1 K−1 for a 46 and 232 nm thick sample, respectively. Fi-368

nally, Bogner et al. [49] used a differential 3ω method to de-369

termine that κz of a-SiNx:H (reported as a-Si3N4) increased370
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(a) (b) (c)

FIG. 2. Literature thermal conductivity vs. (a) temperature during growth (or post growth annealing temperature in the case of Marconnet
et al. [54]), (b) Ratio of nitrogen to silicon composition in film, and (c) mass density. The available data points are tabulated in Tables II
and Tables III in the Appendix. Closed symbols represent κr measurements and open symbols represent κz measurements. The different
deposition methods are indicated by different-shaped data points following the legend in Fig. 1: LPCVD (�), PECVD (#), APCVD (O),
sputter (M). Outside of the work by Marconnet et al. [54] that demonstrated a change in thermal conductivity with a change in %N:%Si
composition, there are no clear trends in the thermal conductivity of amorphous silicon nitride films with growth (or annealing) temperature,
ratio of N:Si composition, or mass density.

from 0.8 to 1.7 W m−1 K−1 when film thickness increased371

from 298 to 1001 nm. For κz , the individual studies revealing372

a thickness dependence in κz could make a stronger case for373

size effects; however, as previously mentioned in this section,374

these trends could most likely be ascribed to thermal bound-375

ary resistances obfuscating the measurements of the effective376

thermal conductivity of the thin films. Thus, like the case for377

κr, when taken as a whole, there is no obvious trend in thick-378

ness dependence in κz , particularly when compared with the379

evidence provided for amorphous Si [23], thus raising further380

questions regarding propagon vs. diffuson transport contribu-381

tions in a-SiNx:H. Furthermore, we must consider the fact that382

the reported stoichiometries of the silicon nitride films also383

vary among the different studies. To this point, Marconnet et384

al. [54] studied this effect by using TDTR to measure the ther-385

mal conductivity of 400 nm thick sputtered a-SiNx films with386

%N:%Si ratios ranging from 0.6 to 1.2. Based on %N:%Si387

ratio and annealing temperature, κz could vary by a factor of388

2. However, the density, hydrogen content and atomic struc-389

ture of their films were not characterized, and thus the un-390

derlying mechanisms as to why κz increases with annealing391

in their films is not entirely clear. These cross-plane thermal392

conductivity data, along with additional pertinent properties,393

are tabulated in Table III in the Appendix.394

The work by Marconnet et al. [54] suggests the possibility395

that the deposition conditions could be changing the atomic396

scale properties of the amorphous silicon nitride films re-397

ported in Figs. 1a and b and thus leading to the variability398

in thermal conductivity values. To study this effect, we plot399

the thermal conductivities of the various amorphous silicon ni-400

tride films as a function of growth (or annealing) temperature,401

%N:%Si ratio, and mass density in Figs. 2a, b and c, respec-402

tively. We note that these properties are not reported for all403

films, and thus we only plot those data in which these prop-404

erties are available (refer to Tables II and Tables III for avail-405

able values). In these figures, the in-plane values are shown406

as filled symbols while the cross-plane values are shown as407

open symbols, with the legend for deposition method follow-408

ing that in Fig. 1a and b. Outside of the work by Marconnet409

et al. [54] that demonstrated a change in thermal conductiv-410

ity with a change in %N:%Si composition, there are no clear411

trends in the thermal conductivity of amorphous silicon ni-412

tride films with growth (or annealing) temperature, ratio of413

N:Si composition, or mass density.414

Clearly, since complete chemical and structural character-415

ization is lacking for all previously studied films, the current416

understanding of what drives and influences the vibrational417

thermal conductivity in amorphous silicon nitride films is418

lacking. Furthermore, we note that the presence of hydrogen419

in all of these aforementioned films has not been considered,420

but at least in some of these films, hydrogen is most certainly421

present, which would not only impact the reported %N:%Si422

composition, but also could change the vibrational transport423

properties, as hydrogen has been shown to have strong effects424

on the thermal conductivity of amorphous silicon, amorphous425

silicon oxide, and amorphous silicon carbide thin films in pre-426

vious works [30, 64, 65]. This warrants the necessity of our427

work described in the remainder of this manuscript in which428

we report on the measured thermal conductivity of a series of429

PECVD a-SiNx:H thin films of varying thicknesses with con-430

trol over the hydrogen composition and resulting full char-431

acterization of chemical composition, bonding, and average432

atomic distances.433
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III. EXPERIMENTAL METHODS AND MEASUREMENTS434

A. Film deposition435

The samples measured in this study include seven sets of436

a-SiNx:H samples having varying stoichiometries. Each set437

is comprised of six samples varying in thickness from nom-438

inally 50 nm up to 2 µm. In addition, we studied two sets439

of a-Si:H samples varying in thickness from nominally 50 nm440

up to 2 µm and two sets of stoichiometric Si3N4 films. The441

Si3N4 films include four samples grown via LPCVD and hav-442

ing film thicknesses ranging from nominally 50 nm to 500 nm443

and an additional sample grown via high-temperature CVD444

(HTCVD) [66]. All samples were grown on (100) Si sub-445

strates. Both a-SiNx:H and a-Si:H sample sets were grown446

via PECVD using the same base recipe and flowing NH3 to447

achieve the a-SiNx:H composition. The a-Si:H samples were448

grown with an intermediate 49 nm a-SiO2 layer between the449

film and substrate; this a-SiO2 layer is necessary as a-Si:H450

alone does not adhere to the Si substrate. To systematically451

control the ratio of at.% N to at.% Si within the a-SiNx:H sam-452

ples, the NH3 flow rate was varied during growth from 1500453

to 18000 sccm while the SiH4 flow rate was held constant at454

600 sccm. To explore the role of hydrogen in a-SiNx:H ther-455

mal properties, the 1500, 9000, and 18000 sccm NH3 samples456

were additionally annealed at 650, 775, 900, and 1000 ◦C in457

an Argon filled tube furnace for four hours.458

B. Composition and density459

The compositions and densities were characterized using a460

combined nuclear reaction analysis and Rutherford backscat-461

tering (NRA-RBS) measurement performed at the University462

of Albany Dynamitron Accelerator Laboratory [67], while463

Fourier-transform infrared spectroscopy (FTIR) was used as464

an auxiliary technique to complement composition character-465

ization and quantify bond states. The composition determined466

by the NRA-RBS was used to determine the average atomic467

coordination of the films (〈r〉), which is representative of the468

number of degrees of freedom and bond constraints for each469

atom. The average coordination (or connectivity) for the a-470

SiNx:H films was calculated according to the expression471

〈r〉 =
4 [Si] + 3 [N ] + [H]

[Si] + [N ] + [H]
(1)

where [Si], [N ], and [H] signify the atomic concentration of472

silicon, nitrogen and hydrogen in the a-SiNx:H, respectively.473

The uncertainty in this approach to determining 〈r〉 is approx-474

imately ±5% [68]. Film thicknesses for the a-SiNx:H and475

a-Si:H samples were characterized by ultraviolet-visible (UV-476

VIS) spectroscopic ellipsometry using an absorbing models477

[69]. Additionally, the as-deposited film thicknesses were cor-478

roborated by fitting the undulations in the background for the479

transmission FTIR spectra [70]. The thicknesses for the an-480

nealed samples were determined via UV-VIS spectroscopic481

ellipsometry and corroborated based on the infrared spectra482

collected using Infrared Variable Angle Spectroscopic Ellip-483

sometry (IR-VASE). X-ray reflectivity (XRR) was also used484

to corroborate the densities measured via RBS [68]. Compo-485

sitions and densities of the as-deposited films are Tabulated in486

Table IV in the Appendix.487

C. Porosity: Positronium annihilation lifetime spectroscopy488

The relative porosities and pore sizes of the a-SiNx:H films489

were examined with positronium annihilation lifetime spec-490

troscopy (PALS) using an electrostatically focused beam of491

positrons. Details of such beam-PALS measurements have492

been previously described elsewhere [71, 72]. A review of493

PALS measurements and their characterization of amorphous494

materials can be found in Ref. [72]. Briefly, PALS spectra495

with ∼107 events were acquired at room temperature with a496

channel plate start-fast plastic scintillator stop lifetime system497

with a time resolution of 500 ps. A positron beam implanta-498

tion energy of 3.2 keV was utilized where the mean implan-499

tation depth is around 100 nm and no positrons should pen-500

etrate into the Si substrate. Each PALS spectrum required 4501

lifetimes (and corresponding intensity (signal strength)) for502

adequate fitting – a short ∼0.4 ns positron lifetime, a single503

(average) ∼2 ns positronium (Ps) lifetime in the film (the rel-504

evant PALS signal), and two longer Ps lifetimes (∼7 ns and505

∼100 ns) that are ever-present in beam PALS and are related506

to positrons that backscatter from the beam and form Ps in507

vacuum at the sample surface and hence carry no informa-508

tion about the film porosity. The fitted average positronium509

lifetime is related to the average pore diameter, assuming a510

spherical pore model which allows the specific hole volume,511

Vhole, to be calculated. The corresponding fitted Ps signal in-512

tensity, I , is considered to be proportional to the number den-513

sity of isolated voids/holes and hence the average film porosity514

is proportional to the product, IVhole.515

D. Thermal conductivity and heat capacity516

The cross-plane thermal conductivities were measured us-517

ing TDTR after depositing an 80 nm Al film onto the samples518

to serve as a transducer of optical energy to thermal energy;519

henceforth, all data presented and discussed will be indica-520

tive of the measured cross-plane thermal conductivities of the521

various amorphous silicon nitride films, and referred to only522

as thermal conductivity. In the TDTR measurements of ther-523

mal conductivity of the various a-SiNx:H samples, pump and524

probe 1/e2 diameters were 36 and 17 µm, respectively, and525

the pump modulation frequency was 8.4 MHz; these two con-526

ditions ensure measurement sensitivity is limited to κz rather527

than κr. In order to avoid estimation of heat capacity, which528

could potentially vary based on density and stoichiometry, a529

combined TDTR and FDTR method was used, as discussed530

in several previous works [73–77], to simultaneously measure531

the thermal conductivity and volumetric heat capacity of se-532

lected ∼200 nm thin-film samples in each set of the annealed533

a-SiN:H samples listed in Table I. For these selected films, we534
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TABLE I. Properties of annealed a-SiNx:H samples. RBS was used to measure at.% N, at.% Si, at.% H, coordination number (〈r〉), and
density (ρ). From this we calculate the ratio of at. % N to at.% Si (%N:%Si). XRR was used to corroborate the densities measured with RBS
[68]. Thickness (d) was determined with IR-VASE. Thermal conductivity was measured via TDTR.

Anneal Temperature (◦C) % N % Si %N:%Si % H 〈r〉 d (nm) ρ (g cm−3) κ (W m−1 K−1) C (J cm−3 K−1)
1500 sccm NH3 series

as deposited (400 ◦C) 28.5 51.4 0.55 20.1 3.11 194 2.3 ± 0.10 0.89 ± 0.09 1.76 ± 0.3
650 30.2 67.6 0.45 2.2 3.63 171 2.8 ± 0.15 1.46 ± 0.16 1.92 ± 0.3
775 33.2 66.6 0.50 0.2 3.66 161 2.9 ± 0.15 1.88 ± 0.22 1.77 ± 0.3
900 32.7 67.1 0.49 0.2 3.67 158 3.1 ± 0.15 1.90 ± 0.22 1.85 ± 0.3

1000 34.0 66.0 0.52 0.0 3.66 147 3.3 ± 0.15 2.63 ± 0.39 1.86 ± 0.3
9000 sccm NH3 series

as deposited (400 ◦C) 37.7 36.4 1.03 26.0 2.84 171 2.3 ± 0.10 0.91 ± 0.08 1.87 ± 0.3
650 44.4 45.8 0.97 9.8 3.26 168 2.5 ± 0.15 1.41 ± 0.12 1.92 ± 0.3
775 49.5 44.3 1.11 6.2 3.32 144 2.8 ± 0.15 1.41 ± 0.15
900 50.4 48.4 1.04 1.2 3.46 132 3.1 ± 0.15 1.58 ± 0.18

1000 48.8 51.2 0.95 0.0 3.51 131 3.1 ± 0.15 2.25 ± 0.29 1.93 ± 0.3
18000 sccm NH3 series

as deposited (400 ◦C) 43.4 30.8 1.41 25.8 2.79 176 2.3 ± 0.10 1.14 ± 0.08
650 52.3 38.2 1.37 9.6 3.19 157 2.8 ± 0.15 1.42 ± 0.12 1.93 ± 0.3
775 50.2 42.1 1.19 7.7 3.27 142 2.9 ± 0.15 1.50 ± 0.14
900 54.8 42.5 1.29 2.7 3.37 137 2.9 ± 0.15 1.88 ± 0.19

1000 55.0 45.0 1.22 0.0 3.45 143 2.8 ± 0.15 2.13 ± 0.24 1.82 ± 0.3

2 nm-1

(a) (b) (c)

FIG. 3. (a) Selected area electron diffraction pattern showing diffuse rings from the a-SiNx:H thin film and sharply peaked Bragg reflections
from the Al transducer. (b) Raw RIDP from the 500 nm thick HTCVD a-Si3N4 film, the 500 nm thick as-deposited 18000 sccm a-SiNx:H
film, the 500 nm thick 18000 sccm a-SiNx:H film annealed at 1000 ◦C, and the 200 nm thick 18000 sccm a-SiNx:H film annealed at 1000 ◦C.
Only every 30th data point for each exemplary data set are shown for clarity. (c) Example fit to a RIDP on the HTCVD film. Each RIDP was
fitted with a power law background and six Gaussian functions, which for this fit are shown here along with the resulting best fit model. Only
every 25th data point from the measured data set on the HTCVD film presented here is shown for clarity.

use multiple modulation frequencies to decouple thermal con-535

ductivity from volumetric heat capacity, thereby measuring536

both quantities [73–76]. In this case, the modulation frequen-537

cies used were 8.4, 4.8, and 1.3 MHz. Using this approach, the538

heat capacity is determined to range from∼1.76 to 2 MJ m−3
539

K−1 for all a-SiNx:H samples, in agreement with Chen et al.’s540

measurement of a-SiNx:H (19.3 at.% H). The measured heat541

capacities for the selected samples measured are tabulated in542

Table I. As a further check, this procedure was performed on543

all LPCVD-grown Si3N4 samples; the measured heat capaci-544

ties fell within 2.0 ± 0.2 J cm−3 K−1, which equates to 0.71545

± 0.07 J g−1 K−1, in agreement with prior studies on a-SiNx546

[33, 38, 39, 42].547

E. Average atomic pair distances: Selected area electron548

diffraction549

To complement the detailed chemical and physical analysis,550

the as-deposited (500 nm) and 1000 ◦C annealed (200 and 500551

nm) 18000 sccm NH3 a-SiNx:H films and 500 nm HTCVD a-552

Si3N4 film were chosen for selected area electron diffraction553

(SAED) measurements at 300 dV to determine the distribu-554

tion of average atomic pair distances using a FEI Titan trans-555

mission electron microscope (TEM). These samples were se-556

lected for SAED-TEM analysis to study the role that anneal-557

ing of the samples and subsequent change in hydrogen compo-558

sition has on the average atomic pair distances as compared to559



8

a HTCVD stoichiometric a-Si3N4 film. An example diffrac-560

tion pattern is shown in Fig. 3a where broad radially symmet-561

ric amorphous rings from the amorphous thin film and sharp562

high intensity Bragg reflections from the aluminum transducer563

are seen. The diffraction pattern center was calibrated, then564

the diffraction patterns were radially integrated excluding the565

beam stop, as indicated by red annotations in Fig. 3a, provid-566

ing a radially integrated diffraction pattern (RIDP) as shown in567

Fig. 3b. Forming the RIDP allows for the broad peaks formed568

by the amorphous peaks to be fitted. Sharply peaked Bragg re-569

flections from the Al capping layer were used to calibrate the570

wavevector, q, of the RIDP to ensure measurement accuracy,571

then were removed by interpolation to remove possible skew-572

ing of fitted amorphous peaks. Each RIDP was fitted with a573

power law background and six Gaussian functions, as shown574

in Fig. 3c. The average atomic pair distances, RAAP , can be575

determined from q via576

RAAP,i =
1

qi
(2)

and the distributions about the average atomic pair distances,577

∆RAAP , via578

∆RAAP,i =
1

qi −
∆qi

2

− 1

qi +
∆qi

2

(3)

where the index i denotes a specific peak and ∆q represents579

the peak full-width at half-maximum. The average atomic580

pair distances can be directly and quantitatively extracted581

from the diffraction patterns by converting the peak centers582

qi to RAAP,i with Eq. 2. Converting peak full-width at half-583

maximum of a specific peak (∆qi) to distributions about those584

average atomic pair distances (∆Rnn,i) requires more care.585

The measured widths of peaks in the RIDP are a combina-586

tion of: 1) convergence angle, 2) diffuse scattering from low-587

energy inelastic scattering and thermal diffuse scattering, and588

3) the natural distribution of distances found in the sample.589

Without zero-loss filtering and deconvolution, (1) and (2) can-590

not be removed from the diffraction data preventing direct591

quantitative comparisons. However, if the thickness of com-592

pared samples and acquisition conditions are approximately593

the same, then the contribution from (1) and (2) are the same594

in each sample allowing for a qualitative comparison of the595

distribution around an average atomic pair distance.596

Figure 3b shows Bragg peak-subtracted RIPD generated597

from the selected-area electron diffraction acquired from the598

500 nm thick HTCVD a-Si3N4 film, the 500 nm thick as-599

deposited 18000 sccm a-SiNx:H film, the 500 nm thick 18000600

sccm a-SiNx:H film annealed at 1000 ◦C, and the 200 nm601

thick 18000 sccm a-SiNx:H film annealed at 1000 ◦C. The602

sharp 0.72 1/Å peak is related to the Si-N first average atomic603

pair distance [78–80]. The first two peaks in the RIDP have604

wave vectors of around 0.29 and 0.41 1/Å, which translates to605

the first Si-Si and N-N distances, respectively [78–80].606

FIG. 4. Measured thermal conductivity (κ) vs. film thickness for
all samples under study: two sets of a-Si:H samples, seven sets of
a-SiN:H samples grown with varying NH3 flow rates (1500, 3000,
6000, 9000, 12000, 15000, and 18000 sccm), and CVD-grown Si3N4

samples. For comparison, also included are the results for a-Si from
our previous work [23]. (Inset) Thermal conductivity vs. NH3 flow
rate for the ∼200 nm sample and thickest (∼1 – 2 µm) sample of
each set.

F. Summary of experimentally measured properties607

The composition and thermal, chemical, optical, and me-608

chanical properties of the as-deposited 200 nm thick PECVD609

a-Si:H and SiNx:H films and 500 nm thick LPCVD and610

HTCVD a-Si3N4 films are tabulated in Table IV in the Ap-611

pendix, including: NH3 flow rate during deposition, tar-612

get thickness and thickness measured via spectroscopic el-613

lipsometry, NRA-RBS elemental composition and mass den-614

sity, calculated coordination number 〈r〉, film stress as deter-615

mined by wafer bow and Stoney’s formula as described in616

Ref. [68], nanoindentation modulus and hardness as described617

in Refs. [55] and [68], PALS average pore diameter and rela-618

tive porosity, and TDTR thermal conductivity. The composi-619

tion and thermal conductivity for the 200 nm thick annealed a-620

SiNx:H films are reported in Table I of the manuscript. These621

properties are reported at 200 and 500 nm thickness due to622

the ability to perform all of these material characterizations on623

the same sample and limitations in performing some measure-624

ments on thinner or thicker films. While NRA, RBS, PALS,625

and nano-indentation measurements were not performed for626

every sample in this study, the results from the 200 – 500627

nm thick films are expected to be representative for films de-628

posited at different thicknesses under identical conditions.629

IV. RESULTS AND DISCUSSION630

A. Thermal conductivity dependencies on thickness,631

processing conditions, and porosity632

Figure 4 shows the measured thermal conductivity as a633

function of film thickness for all as-deposited samples; in-634



9

FIG. 5. Positronium annihilation lifetime spectroscopy (PALS) rel-
ative porosity (IVhole) and spherical pore diameter for PECVD a-
SiNx:H versus ammonia (NH3) gas flow rate.

cluded for comparison are the measured thermal conductiv-635

ities of various a-Si thin films as a function of thickness from636

our previous work [23]. Beginning with the stoichiometric a-637

Si3N4 samples, the measured κ for a 50, 250, and two 500638

nm films grown via LPCVD were equivalent at ∼2.1 – 2.3 W639

m−1 K−1 with no clear thickness dependence within uncer-640

tainty. A mean value of κ of 1.95 W m−1 K−1 was measured641

for the HTCVD-grown Si3N4, which is only slightly lower642

and within uncertainty of the thicker LPCVD films. Next,643

for the a-SiNx:H samples, we observe that all sets possess644

a thickness-independent thermal conductivity of ∼1 W m−1
645

K−1. There is a minor dependence of thermal conductiv-646

ity with NH3 flow rate, showing that samples fabricated with647

higher NH3 flow rates generally possess higher thermal con-648

ductivities by as much as 25%. This is shown in the inset to649

Fig. 4, where the thermal conductivity relation with NH3 flow650

rate is plotted for the 200 nm and thickest samples (nominally651

1 – 2 µm) for each set.652

Regardless of the thickness, in general, κ increases mod-653

estly with an increase in NH3 flow rate during film deposi-654

tion (c.f., Figure 4 inset). Additionally, for each individual655

series, there is no observable increase in κ with increasing656

film thickness. This finding is in contrast to the a-Si:H series657

1 sample set, which shows an increasing κ with increasing658

film thickness. The size effects observed for the a-Si:H se-659

ries 1 samples are less pronounced than the a-Si samples from660

Braun et al. [23], suggesting that the addition of hydrogen661

is restricting the propagon thermal transport to some extent.662

This is further supported by the lack of thickness dependence663

in our a-Si:H series 2 sample set, which contain less hydro-664

gen than the series 1 sample set (7.1 at.% H for the measured665

sample in series 1 and 12.5 % for the measured sample in666

series 2 – see the Appendix Table IV). This idea is in concep-667

tual agreement with the findings of Liu et al. [64], who note668

that for an 80 µm thick a-Si:H sample having 1 at.% H has669

a thermal conductivity of 4.5 W m−1 K−1, with decreases in670

a-Si:H thermal conductivity arising from reductions in some671

combination of sample thickness and hydrogen composition;672

our results align with Liu et al.’s [64] findings and extend this673

conceptual agreement to much thinner film thicknesses. The674

a-Si:H results indicate that, while hydrogen can affect the abil-675

ity of propagons to contribute to thermal conductivity, it may676

not eliminate propagon contributions to thermal conductivity677

completely, which we posit due to the magnitude of the ther-678

mal conductivity of the a-Si:H series 1 are compared to the679

thermal conductivity of the thin film a-Si samples reported on680

by Braun et al. [23].681

An additional structural defect that could be influencing the682

thermal conductivity of the a-SiNx:H films in this work is683

porosity. PALS analysis of the as-deposited 200 nm thick a-684

SiNx:H films shows evidence of non-interconnected porosity685

in all films. As shown in Fig. 5, the IVhole product, which is a686

measure of relative porosity, increased initially with increas-687

ing NH3 flow rate but saturated at approximately 6000 sccm688

NH3. The increased porosity with NH3 flow rate runs some-689

what counter to the observed increase in mass density also690

observed to occur with increasing NH3 flow rate (c.f., Table691

IV in the Appendix). However, the increased porosity does692

correlate with the increased hydrogen content observed in the693

a-SiNx:H films with increasing NH3 flow rate.694

Figure 5 also shows the fitted average spherical pore di-695

ameter as a function of NH3 flow rate. The pore diameter696

increases from 0.48 nm for pure a-Si:H to 0.62 nm for 1500697

sccm NH3, and then slowly decreases to 0.52 nm at the high-698

est NH3 flow rate of 18000 sccm. These results are consis-699

tent with prior PALS measurement of porosity in PECVD a-700

SiNx:H by Uedono et al. [81] where pore diameters of 0.36 –701

0.49 nm were determined for films with densities of 2.1 – 2.6702

g cm−3, %N:%Si ratios of 1.33 – 1.47, and hydrogen content703

from 4.8 – 13.2 at.%. Since the a-SiNx:H thermal conduc-704

tivity does not appear to decrease with the increased porosity705

produced by the increasing NH3 flow rate, these results sug-706

gest that pores on the order of 0.4 – 0.6 nm in size are not707

sufficiently large to act as scattering sites for propagons or dif-708

fusons in a-SiNx:H. However, we cannot rule out the possibil-709

ity that the porosity, which will change the density, could be710

impacting the thermal conductivity of the a-SiNx:H via other711

mechanisms (e.g., changing the heat capacity or mode diffu-712

sivity). The relatively constant porosity in our as-deposited713

a-SiNx:H films prevents us from studying this in more detail,714

but through high temperature annealing, we shed more insight715

into this possibility, which we discuss in further detail later in716

this sub-section.717

It is instructive at this point to now compare the thermal718

conductivities of our unannealed PECVD-grown a-SiNx:H719

and LPCVD-grown a-Si3N4 films to the prior reports on the720

cross-plane thermal conductivities of amorphous silicon ni-721

tride films grown by similar techniques shown in Fig. 1b and722

discussed in Section II. We plot these cross-plane thermal con-723

ductivity data together as a function of film thickness in Fig. 6.724

Our LPCVD-grown films reported in this work show rela-725

tively good agreement with the prior reports by Bai et al. [46]726

and Hopkins et al. [45]. Given that the densities of the films in727

these prior works were not reported, and in the case of Hop-728
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kins et al. [45] the stoichiometry was not reported, we can not729

preclude the fact that changes in these film properties could730

lead to the relatively small differences in the measured ther-731

mal conductivities.732

We observe more pronounced disagreement among our re-733

ported values and those in the literature for the PECVD-grown734

films. One obvious possible source of this discrepancy is735

differing stoichiometries (including hydrogen compositions),736

but we can only speculate on this since the hydrogen com-737

positions of these PECVD-grown films from previous works738

were not reported. Another possibility, as discussed earlier739

in Section II, is that thermal boundary resistances were im-740

pacting the measured thermal conductivities of the PECVD-741

grown films reported in Refs. [48–50], as was explicitly dis-742

cussed by Lee et al. [50]. TDTR measurements have the ad-743

vantage of being able to separate thermal boundary resistances744

from intrinsic thermal conductivities of the film for relatively745

thin films as compared to other electrical resistance thermom-746

etry techniques, such as 3ω, which was used to measure the747

thermal conductivity of the amorphous silicon nitride films in748

Ref. [48–50]. This thermal boundary resistance artifact could749

explain why the data in Ref. [48–50] show an increase in ther-750

mal conductivity with film thickness, where our data are con-751

stant over the thickness range of interest in this study, par-752

ticularly for thicknesses < 100 nm, where thermal boundary753

resistances have been shown to play a role in 3ω-measured754

thermal conductivities of PECVD-grown a-SiNx:H thin films755

[50]. This implies that the intrinsic vibrational thermal con-756

ductivity of a-SiNx:H could in fact be constant with thickness757

even for the thinner films, supporting our previous conclusion758

that propagons have negligible contributions to the thermal759

conductivity of a-SiNx:H at room temperature.760

There is still a marked and consistent difference between761

the thermal conductivities of the PECVD-grown a-SiNx:H762

and the LPCVD-grown films. A common difference among763

these two film sets is the presence of hydrogen in the PECVD-764

grown films. In order to further understand the role of hydro-765

gen on the thermal conductivity of a-SiNx:H, we thermally766

annealed the samples to remove hydrogen. Three sets of a-767

FIG. 6. Thermal conductivity vs. film thickness for a-SiNx:H sam-
ples measured in this study, compared with a-SiNx samples reported
in the literature. Samples in Refs. 45 and 46 were grown via LPCVD
while those in Refs. 48–50 were grown via PECVD.

SiNx:H were chosen to anneal: the 1500 sccm NH3 series, the768

9000 sccm NH3 series, and the 18000 sccm NH3 series, rep-769

resenting the low, median, and high NH3 flow rate conditions770

used in deposition. Samples were annealed in an argon-filled771

tube furnace for 4 hours at four different annealing temper-772

atures: 650, 775, 900, and 1000 ◦C. The samples were then773

characterized for composition via NRA-RBS and FTIR. Addi-774

tionally, for the nominally 200 nm thick samples in each NH3775

flow rate series, ellipsometry was used to determine the film776

thickness. Finally, TDTR was used to measure the thermal777

conductivity of each sample after annealing.778

Table I shows the resulting compositions, thicknesses, and779

thermal conductivities for the nominally 200 nm thick sam-780

ples of each series as deposited and at each annealing temper-781

ature. Note that upon annealing, the films shrink significantly782

in size to compensate for the loss of hydrogen, which is con-783

sistent with the increase in density that we observe with an-784

nealing in our RBS measurements. This observation is also in785

agreement with that of previous studies on annealed a-SiNx:H786

films [82, 83]. The role of the loss of at.% hydrogen on the787

coordination number (〈r〉) and density (ρ) is shown in Fig. 7,788

which plots the coordination number (〈r〉) as a function of789

at. % hydrogen in Fig. 7a and the density (ρ) as a function of790

at.% hydrogen in Fig. 7b. The loss of hydrogen leads to an in-791

crease in coordination number and corresponding increase in792

density, regardless of NH3 flow rate during deposition. Note,793

as depicted in Fig. 7c which plots ρ as a function of 〈r〉, the794

density and network coordination of the a-SiNx:H films are795

directly related to the at.% hydrogen in the system, which is796

mainly varied through our annealing procedure.797

Figure 8 shows the resulting thermal conductivity as a func-798

tion of annealing temperature for these samples to reveal a799

systematic increase in thermal conductivity with annealing800

temperature; at the highest annealing temperature of 1000801

◦C, κ increases by 200 – 250 % from the as-deposited sam-802

ples and approaches or exceeds the thermal conductivities803

of the LPCVD and HTCVD films, which were deposited at804

temperatures slightly below and above 1000 ◦C, respectively.805

For all annealed samples, the measured thermal conductivi-806

ties showed no observable thickness dependence. This lack807

of thickness dependence could further support our conclusion808

that propagons do not contribute to the room temperature ther-809

mal conductivity of a-SiNx:H, including a-SiNx with 0 % hy-810

drogen, which is consistent with our results on LPCVD grown811

stoichiometric a-Si3N4 thin films, and the results on LPCVD-812

grown a-SiNx films reported by Hopkins et al. [45].813

Given our discussion above, our results strongly support814

the hypothesis that diffusons mainly contribute to the thermal815

transport in amorphous silicon nitride at room temperature.816

Thus, we now turn our attention to understand why the ther-817

mal conductivity of a-SiNx:H increases so dramatically as the818

hydrogen content decreases from annealing. Before character-819

izing and discussing the role of elemental composition, vibra-820

tional bonding, and atomic structure, we return to the PALS821

analysis to evaluate the porosity changes in the annealed films.822

PALS of the annealed a-SiNx:H films shows a clear de-823

crease in porosity with annealing, consistent with the in-824

creased mass density observed by RBS. We note that the films825
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(a) (b) (c)

FIG. 7. (a) Coordination number (〈r〉) as a function of at.% hydrogen, (b) mass density (ρ) as a function of at.% hydrogen, and (c) ρ as a
function of 〈r〉 for the as-deposited and annealed films. All values are tabulated in Table I. Insets in (b) and (c) are the same data in the main
figure with a zoomed in ordinate scale.

that were not annealed were deposited at 400 ◦C and thus826

are positioned on the abscissa accordingly (and encapsulated827

with the dashed boxes); in other words, the films plotted at828

the abscissa value of 400 ◦C are “as deposited” and not an-829

nealed after deposition. As shown in Fig. 9a, the porosity830

drops precipitously after annealing at 650 – 800 ◦C for all831

films. The amount of remaining porosity after annealing at832

1000 ◦C still correlates with the silicon content, albeit with the833

porosity decreasing as the nitrogen content increases. These834

results are somewhat consistent with a prior investigation by835

Uedono et al. [84] where PALS was used to investigate poros-836

ity in compressive and tensile PECVD-grown SiNx:H films837

FIG. 8. Measured thermal conductivity (κ) vs. annealing tempera-
ture for a-SiN:H samples for three sample sets: the high and low
sccm NH3 cases (1500 and 18000 sccm, respectively), and one set
with a moderate sccm of NH3 during growth (9000 sccm). Note, the
films that were not annealed were deposited at 400 ◦C and thus are
positioned on the abscissa accordingly (and encapsulated with the
dashed box).

annealed at 1000 ◦C. For compressive films (2.8 g cm−3 and838

%N:%Si = 1), post deposition annealing reduced the compres-839

sive stress and relaxed the amorphous structure, but they con-840

cluded that the intrinsic pores expanded in size and concen-841

tration increased. For tensile films (2.1 g cm−3 and %N:%Si842

= 0.9), they observed that while post deposition annealing de-843

creased the concentration or porosity, the pore sizes remained844

unchanged. As shown in Fig. 9b, the fitted spherical pore di-845

ameter was also observed to decrease slightly with annealing846

in some cases. For the 1500 sccm NH3 a-SiNx:H film, the847

pore diameter decreased from 0.62 nm as deposited to 0.43 nm848

after annealing at 1000 ◦C. However, no decrease in pore di-849

ameter was observed for the 18000 sccm NH3 sample, where850

the pore diameter remained at 0.51 nm ± 0.02 nm after the851

1000 ◦C anneal. The decrease in porosity and pore diame-852

ter is consistent with both the observed film shrinkage and853

increased mass density with annealing.854

We do note that the anneal temperature at which porosity855

starts to decrease does show some composition dependence856

with porosity for the 1500 sccm NH3 films starting at 650857

◦C whereas porosity does not significantly decrease until 900858

and 1000 ◦C for the 9000 and 18,000 sccm NH3 films, re-859

spectively. As we will show later, the temperature at which860

porosity collapse starts to occur correlates closely with the hy-861

drogen content in each film, how the hydrogen is incorporated862

(i.e., Si-H vs. N-H), and the resulting temperature at which863

hydrogen loss occurs.864

When discussing the porosity dependence on the thermal865

conductivities of the as-deposited films earlier in this sub-866

section (c.f., Figs. 4 and 5), we observed that the slight in-867

crease in thermal conductivity of a-SiNx:H with NH3 flow868

rate during growth could not be explained by a change in pore869

size. But we could not rule out that the porosity of the system,870

which impacts the mass density, could be impacting the ther-871

mal transport. From this, we hypothesize that porosity in the872

a-SiNx:H does not impact vibrational mode scattering, but we873

could not rule out that porosity could impact the vibrational874

heat capacities or mode velocities. The PALS analysis on the875
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FIG. 9. (a) Positronium annihilation lifetime spectroscopy (PALS)
relative porosity (IVhole) and (b) spherical pore diameter for PECVD
a-SiNx:H versus post deposition annealing temperature. In this fig-
ure, the statistical error is approximately the size of the symbols.
Note, the films that were not annealed were deposited at 400 ◦C and
thus are positioned on the abscissa accordingly (and encapsulated
with the dashed boxes).

annealed series of samples shown in Fig. 9 adds additional876

insight into this hypothesis. The relatively constant, if not877

slightly decreasing pore diameter with increased annealing878

temperature shown in Fig. 9a supported our previous assertion879

that the pore size does not reduce vibrational thermal transport880

from diffuson scattering, since we observe a pronounced in-881

crease in thermal conductivity with increased annealing tem-882

perature (Fig. 8). However, the increase in thermal conduc-883

tivity with annealing temperature corresponds to a decrease in884

porosity (Fig. 9b), and increase in density (Table I). This is885

consistent with prior works on density effects on the thermal886

conductivity of amorphous thin films [85, 86], and trends in887

the thermal conductivity vs. density predicted from the min-888

imum limit to thermal conductivity [87, 88]. An increase in889

density leading to an increase in thermal conductivity could be890

due to an increased number density of diffusons or an increase891

in the mode diffusivity of the diffusons (related to more inter-892

actions among diffusons). We rule out the former from our893

measurements of heat capacity; as we mentioned previously,894

the heat capacity is determined to range from ∼1.8 to 2 MJ895

m−3 K−1 for all a-SiNx:H samples, including these annealed896

samples. Thus, we conclude that the increase in density from897

annealing leads to an increase in mode diffusivity, which is not898

driven from an increase in the number of modes, but instead899

from an increase in the modal interactions. The mechanisms900

driving this increase in mode interaction is discussed in the901

following sub-sections with respect to composition, bonding902

and local vibrational structure.903

B. Compositional analysis904

To understand the relationship between κ and annealing905

temperature, we turn to the compositional analysis of the post-906

annealed samples. NRA-RBS reveals that the as-deposited907

samples possess significant differences in stoichiometry stem-908

ming from the deposition with varying NH3 flow rates; these909

differences in stoichiometry are tabulated in Table I. The 1500910

sccm NH3 flow rate case proved to be Si-rich with 51.4 at.%911

Si and 28.5 at.% N, while the 18000 sccm NH3 case proved to912

be N-rich with 30.8 at.% Si and 43.4 at.% N. However, the hy-913

drogen content did not vary as heavily; in fact, the 9000 sccm914

NH3 and 18000 sccm NH3 cases show nearly identical H con-915

tent of ∼26 at.%, suggesting a limit to the hydrogen content916

achievable through this deposition procedure. At the low end,917

the 1500 sccm NH3 series has a hydrogen composition of only918

∼20 at.%. Upon annealing, however, the hydrogen content919

can be further reduced. Beginning with the 1500 sccm NH3920

case, annealing at 650 ◦C significantly reduces the hydrogen,921

from 20.1 to just 2.2 at.%. The corresponding change in ther-922

mal conductivity is 0.89 to 1.46 W m−1 K−1. While a sub-923

stantial increase, this is still a relatively low thermal conduc-924

tivity compared to the next annealed cases; at 775 ◦C and 900925

◦C annealing temperatures, the hydrogen is reduced to just 0.2926

at.% and the corresponding thermal conductivities measured927

are 1.88 and 1.90 W m−1 K−1, respectively. Annealing out928

the final, seemingly insignificant, 0.2 at.% H at 1000 ◦C leads929

to a significant increase in thermal conductivity, resulting in930

a measured value of 2.63 W m−1 K−1. This final compo-931

sition is a Si-heavy Si0.66N0.34 stoichiometry. For the 9000932

sccm NH3 case, annealing at 650, 775, 900, and 1000 ◦C di-933

minishes the hydrogen percentage from 26.0 to 9.8, 6.2, 1.2,934

and 0 at.%, increasing the thermal conductivity from 0.98 to935

1.41, 1.41, 1.58, and 2.25 W m−1 K−1, respectively. The fi-936

nal composition in this case is a nearly equal ratio of Si and N,937

Si0.51N0.49. Finally, for the 18000 sccm NH3 case, annealing938

at 650, 775, 900, and 1000 ◦C diminishes the hydrogen per-939

centage from 25.8 to 9.6, 7.7, 2.7, and 0 at.%, increasing the940

thermal conductivity from 1.14 to 1.42, 1.50, 1.88, and 2.13941

W m−1 K−1, respectively. The final composition in this case942

is close to a stoichiometric ratio of Si and N, Si0.45N0.55.943

Recasting the thermal conductivity as a function of com-944

position or density related parameters, Fig. 10 shows κ as a945

function of (a) atomic % hydrogen, (b) ratio of atomic % nitro-946
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(a)

(c)

(b)

(d)

FIG. 10. Measured thermal conductivity vs. (a) atomic % hydrogen, (b) ratio of atomic % nitrogen to atomic % silicon, (c) coordination
number (〈r〉), and (d) mass density (ρ) for the same samples listed in Table I.

gen to atomic % silicon (%N:%Si), (c) coordination number947

(〈r〉), and (d) mass density (ρ) for the samples listed in Ta-948

ble I. Hydrogen content proves to be a good predictor of the949

thermal conductivity for all samples regardless of Si and N950

stoichiometry, showing a decreasing trend with increasing hy-951

drogen content. As a function of %N:%Si, we observe no ap-952

parent trend, suggesting that the role of hydrogen in a-SiNx:H953

influences thermal conductivity more so than deviations from954

%N:%Si = 4/3 expected from stoichiometric a-Si3N4. This955

could explain the lack of trend in all the previous literature956

data shown in Fig. 2 (specifically Fig. 2b), in that any un-957

known or unreported hydrogen content in a-SiNx:H samples958

will strongly dictate the thermal conductivity and negate any959

dependence on the ratio of atomic % nitrogen to atomic %960

silicon (%N:%Si).961

Expected from the data shown in Fig. 7, since such a strong962

dependence of thermal conductivity with changes in atomic963

% Hydrogen is observed, we also show a direct dependence964

of thermal conductivity with coordination number (〈r〉) in965

Fig. 10c and density (ρ) in Fig. 10d. The increase in thermal966

conductivity with increasing coordination number is in agree-967

ment with prior reports on a-Si[O/C]:H [30] and amorphous968
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FIG. 11. FTIR spectra for as-deposited and annealed a-SiN:H samples from 650 to 1000 ◦C for the (a/d) 1500 sccm NH3 series, (b/e) 9000
sccm NH3 series, and (c/f) 18000 sccm NH3 series.

fluorocarbons [89]. Conceptually, the increase in coordination969

number is indicative of increasing the covalently bonded Si-N970

network, which is directly indicative of an increase in elastic971

properties and sound speeds of the system [89], and, as shown972

in Fig. 7c, an increase in density. Beyond the direct contri-973

bution of improved elastic properties that increases the ther-974

mal conductivity of amorphous materials [87, 88], the afore-975

mentioned a-Si[O/C]:H samples showed that increases in co-976

ordination number lead to higher vibrational mean free paths977

through a longer network for heat to traverse [30, 66, 90]. To-978

gether, these conclusions further support the results in Section979

IV A that the thermal conductivity of a-SiNx:H is limited by980

the mode diffusivity of diffusons which can be increased by981

removing hydrogen, thus increasing network coordination and982

density of the material.983

C. Vibrational spectroscopy and hydrogen composition984

While RBS gives a direct measurement of the elemental985

composition of each sample, we use IR spectroscopy to relate986

the hydrogen reduction observed by NRA-RBS to the specific987

bonds being both dissociated and formed during annealing.988

Figure 11 shows the IR spectra for the samples listed in Table989

I collected over the range of 400 to 2000 cm−1 via IR-VASE990

(a – c) and 2000 to 4000 cm−1 via transmission FTIR (d – f).991

Specifically, Fig. 11a and d show the absorption spectra for the992

1500 sccm NH3 sample as-deposited and annealed at various993

temperatures, Fig. 11b and e show the same information for994

the 9000 sccm NH3 case, and Fig. 11c and f show this for the995

18000 sccm NH3 case. The presentation windows for the IR-996

VASE and FTIR spectra were selected based on differences in997

sensitivity between the two techniques to specific absorption998

bands in a-SiNx:H and to greater emphasize relative changes999

to the relevant peaks corresponding to particular bonds.1000

Referring first to the 400 to 2000 cm−1 window, a strongly1001

IR-sensitive Si-N asymmetric stretching mode [90, 91] is ob-1002

served that is centered around 870 – 890 cm−1 for all samples.1003

For the as-deposited samples, the absorbance for this band1004

increases with increasing NH3 flow rate consistent with the1005

NRA-RBS analysis showing increased nitrogen content. With1006

annealing, the Si-N band absorbance increases suggesting that1007

the loss of hydrogen with annealing is the result of hydrogen1008

bond dissociation and the formation of additional Si-N bond-1009

ing. The increase in Si-N absorbance after annealing at 10001010

◦C, however, scales with the NH3 flow rate with only a slight1011

6% increase observed for the 1500 sccm NH3 film, a 22% in-1012

crease for the 9000 sccm NH3 film, and a 15% increase for1013

the 18000 sccm NH3 film. As will be shown later, the small1014

increase for the 1500 sccm NH3 film is due to hydrogen being1015

incorporated primarily as Si-H and the bond dissociation re-1016

sulting in predominantly Si-Si bonding. Unfortunately, Si-Si1017
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bonds are IR inactive and not observed in IR-VASE or FTIR.1018

For the 9000 and 18000 sccm NH3 films, hydrogen is incor-1019

porated as both Si-H and N-H leading to increased Si-N when1020

dissociated via annealing.1021

With annealing to 1000 ◦C, the peak maximum for the Si-1022

N asymmetric stretch also increased from 880 cm−1 to 9401023

cm−1 for the 1500 sccm NH3 film, but varied by only 5 – 101024

cm−1 for the other two a-SiNx:H films. The large shift for the1025

former could be a result of the hydrogen loss, a change in film1026

stress, or indicative of a shift from a nitrogen centered planar1027

N-Si3 stretching motion to a silicon centered tetrahedral Si-1028

NSi3 stretching motion, as proposed by Bandet et al. [92] and1029

observed by Itoh et al. [93]. Importantly though, the asym-1030

metric Si-N stretching band is observed to broaden with an-1031

nealing in all cases. This indicates that the observed increase1032

in thermal conductivity with annealing is not due to increased1033

chemical structural order gained through hydrogen evolution,1034

but instead due to an increase in network bond density as sug-1035

gested by the previously discussed NRA-RBS analysis.1036

Closer examination of Fig. 11a – c also reveals in all cases a1037

small shoulder on the asymmetric Si-N absorption band cen-1038

tered at ∼1200 cm−1, and in some cases an additional peak1039

centered at 440 – 500 cm−1. The former has been observed1040

in previous studies of a-SiNx:H films [94] and attributed to a1041

bending mode in the Si-NH-Si group [91]. However, the con-1042

tinued presence of this peak in the 1000 ◦C annealed cases,1043

where RBS confirms no hydrogen presence, suggests this1044

spectral feature may have another structural/non-hydrogen re-1045

lated origin. The peak centered at 440 – 500 cm−1 has also1046

been previously observed and attributed to a symmetric Si-1047

N stretching or “breathing” mode [90, 95]. The presence of1048

this lower wavenumber Si-N band clearly scales with nitro-1049

gen content where it is not observed for the 1500 sccm NH31050

film, weakly observed but disappears after annealing for the1051

9000 sccm NH3 film, and prominently observed before and1052

after annealing for the 18000 sccm NH3 film. For dilute nitro-1053

gen doped a-Si:H films, Lucovsky et al. [95] has specifically1054

assigned this peak to a planar breathing mode consisting of a1055

nitrogen atom bonded to three Si atoms with Si and hydrogen1056

back bonds. Based on this assignment, one could attribute the1057

disappearance of the breathing mode after 1000 ◦C annealing1058

for the 9000 sccm NH3 film to the complete loss of hydrogen.1059

Similarly, the total absence of the breathing mode in the 15001060

sccm NH3 film may also be related to the lower starting hy-1061

drogen content for the film. However, the greater absorbance1062

and continued presence of this band after annealing at 10001063

◦C for the 18000 sccm NH3 film suggests the presence of a1064

true Si-N4 symmetric stretching motion. This would be con-1065

sistent with the near stoichiometric composition (N/Si = 1.33)1066

for this film.1067

For the 2000 to 4000 cm−1 IR window shown in Fig. 11d1068

– f, Si-H and N-H stretching modes at 2100 – 2200 cm−1 and1069

3350 cm−1 can be respectively observed [90] with a minor1070

C-H stretching mode at 2800 – 3000 cm−1 also sometimes1071

present and attributed to surface organic or background en-1072

vironmental contamination [68]. For the N-H band, the ab-1073

sorbance for the as-deposited films was observed to increase1074

with increasing NH3 flow rate as perhaps expected. In con-1075

trast, the Si-H absorbance was observed to remain relatively1076

constant with NH3 flow rate. However, the Si-H mode for the1077

as-deposited 1500 sccm NH3 film was centered at 2150 cm−1
1078

and increased slightly to 2175 cm−1 as the NH3 flow rate in-1079

creased to 9000 and 18000 sccm. This has been previously1080

observed in Refs. [95, 96] and was attributed to a change in1081

the Si-H bond length as the Si back bonding changed from1082

Si3-Si to N3-Si. In addition, the Si-H absorption band for the1083

1500 sccm NH3 film exhibits a larger full width half maxi-1084

mum (FWHM) relative to the higher NH3 flow rate films. In1085

a-Si:H, absorption near 2150 cm−1 and 2300 cm−1 has been1086

attributed to the stretching modes of Si-H2 and/or (Si-H2)n1087

chains (n≥2), and Si-H3 [94, 97]. So, the Si rich stoichiome-1088

try and wide FWHM for the Si-H band in the 1500 sccm NH31089

film suggests a possible mix of Si-H2 and Si-H3 bonding in1090

addition to a mix of Si back bonding (i.e., Si3-Si vs. NSi2-Si).1091

Upon annealing to 650 ◦C, both the Si-H and N-H bands are1092

significantly reduced in magnitude. The Si-H band also shifts1093

to a higher wavenumber with annealing suggesting the for-1094

mation of additional Si-N back bonds as hydrogen leaves the1095

films. Both observations support the conclusion obtained from1096

NRA-RBS that hydrogen is leaving the film and additional Si-1097

N or Si-Si bonds are being formed resulting in an increased1098

coordination number and mass density. For all samples, each1099

subsequent anneal leads to a further decrease in Si-H and N-1100

H bond peak intensities. The N-H bond appears to dissociate1101

more readily than the Si-H bond, as evidenced by the lower1102

annealing temperature necessary to reduce this peak to level1103

with background noise. This is in agreement with predictions1104

from Yin and Smith [98] based on a free energy model, as well1105

as observations by Chen et al. [1] on similar a-SiNx:H films.1106

We find that the N-H peak is reduced to the level of back-1107

ground noise at temperatures of 650, 775, and 900 ◦C for the1108

1500, 9000, and 18000 sccm NH3 cases, respectively, while1109

the Si-H peak is not reduced to noise until 775 ◦C for the 15001110

sccm NH3 case and 1000 ◦C for the other two cases. Over-1111

all, the FTIR spectra reveal that hydrogen bonding is, within1112

measurement sensitivity, nonexistent when annealed to 10001113

◦C for all samples, corroborating RBS conclusions.1114

The above analysis of the IR spectra suggests that for the1115

1500 sccm NH3 a-SiNx:H film, hydrogen is incorporated pri-1116

marily as Si-H bonding with very little N-H bonding. With1117

annealing, hydrogen evolution and film densification occur1118

predominantly via Si-H bond dissociation and Si-Si bond for-1119

mation. In contrast, hydrogen is increasingly incorporated via1120

N-H bonding for the 9000 and 18000 sccm NH3 films. Due to1121

the increased N-H content for these two films, hydrogen evo-1122

lution and film densification increasingly occurs via both Si-H1123

and N-H dissociation and Si-N bond formation with some Si-1124

Si bond formation still possible. The higher thermal conduc-1125

tivity for the 1500 sccm NH3 a-SiNx:H film after annealing at1126

1000 ◦C, despite starting with the lowest thermal conductivity,1127

suggests a possible higher heat carrying capacity for Si-Si-Si1128

bonding relative to Si-N-Si bonding. One possible explana-1129

tion for this may be related to a higher stiffness for Si-Si ver-1130

sus Si-N bonding. However, the as-deposited a-SiNx:H films1131

exhibited a higher Young’s modulus and lower thermal con-1132

ductivity relative to a-Si:H. Further, the annealed 1500 sccm1133
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FIG. 12. Extracted (a) RAAP and (b) ∆RAAP from the first three
peaks in the RIDP shown in Fig. 3. Markers indicate the raw data
and the filled markers are the mean, with the black line included to
guide the eye among mean data points. Samples labeled “anneal”
were annealed.

NH3 a-SiNx:H film exhibited a lower Young’s modulus rela-1134

tive to the 18000 sccm NH3 a-SiNx:H film (c.f., Table IV in1135

the Appendix). An alternative explanation may be a mismatch1136

in vibrational modality between Si and N where Si prefers1137

three-dimensional sp3 bonding and nitrogen instead prefers1138

a planar more sp2 like bonding configuration. This 3D-2D1139

modality mismatch may also explain the lack of thickness de-1140

pendent thermal conductivity, which can be attributed to diffu-1141

son dominated heat transport [23], observed for the a-SiNx:H1142

and a-SiNx films in this study. We do not that this explanation1143

is consistent with the lack of thickness dependent thermal con-1144

ductivity observed for a-SiO2 [23, 28], where there is a 3D-1D1145

bond modality mismatch between Si and O. It is also consis-1146

tent with our observations that the addition of up to ∼ 7%1147

hydrogen to a-Si does not eliminate the thickness dependence1148

of thermal conductivity. In this case, hydrogen reduces the1149

mean network connectivity, but does not disrupt the overall1150

3D network modality in a-Si.1151

D. Hydrogen effects on average atomic distances1152

The impact of adding hydrogen on the average atomic1153

spacing of a stoichiometric a-Si3N4 film can be evaluated1154

by comparing the measured average atomic distances, RAAP1155

(Eq. 2), and the distribution of these average atomic distances,1156

∆RAAP (Eq. 3), of the four films on which selected-area elec-1157

tron diffraction was performed. These results are shown in1158

Fig. 12. Comparing the HTCVD a-Si3N4 film to the 500 nm1159

thick as-deposited 18000 sccm a-SiNx:H film, the first three1160

average atomic distances increased with the addition of hy-1161

drogen, suggesting that Si-Si, N-N, and Si-N distances are in-1162

creased. The mean ∆RAAP also increased for all three peaks1163

suggesting that the distribution of average atomic distances is1164

also increased in the presence of hydrogen. This is a direct ob-1165

servation of the increased network bond density in the absence1166

of hydrogen suggested by FTIR and previously discussed in1167

the NRA-RBS analysis.1168

After annealing the 500 nm thick as-deposited 18000 sccm1169

a-SiNx:H film, and a subsequent reduction in hydrogen com-1170

position, the 500 nm thick 18000 sccm a-SiNx:H film an-1171

nealed at 1000 ◦C shows a decrease in the average Si-Si1172

and N-N distances, while the average Si-N distances in-1173

creased. On average, the ∆RAAP of the Si-Si and N-N spac-1174

ing decreases, meaning that the distribution of average atomic1175

distances became less random, while the Si-N increase in1176

∆RAAP indicates a more random distribution of distances.1177

Removal of hydrogen from the films requires recovery of Si-N1178

bonds and the physical relaxation of the atomic arrangement.1179

The bond distances indicate that this procedure is occurring1180

and is in agreement with the FTIR analysis, however ∆RAAP1181

indicates that the films were incompletely relaxed and showed1182

a lack of order about their central distances. This is again1183

a direct observation of the increased network bond density1184

post annealing suggested by FTIR and previously discussed1185

by NRA-RBS analysis.1186

Both the 200 nm and 500 nm thick 18000 sccm a-SiNx:H1187

films annealed at 1000 ◦C show the same trend in Si-Si and N-1188

N average atomic spacing relative to the 500 nm as-deposited1189

sample, indicating an independence on film thickness, con-1190

sistent with our thickness-independent thermal conductivity1191

measurements. The average Si-N distance of the 200 nm an-1192

nealed sample was unusually low compared with the other1193

three samples so was deemed as an outlier. The similarities1194

between the 200 nm and 500 nm thick 18000 sccm a-SiNx:H1195

films annealed at 1000 ◦C, and their difference with the 5001196

nm thick as-deposited 18000 sccm a-SiNx:H film, emphasizes1197

the impact of hydrogen on the distribution of average atomic1198

distances or network bond density, which in turn reflects in the1199

thermal conductivity results: hydrogen incorporation into sil-1200

icon nitride leads to an increase in average atomic distances,1201

which underpins the resulting decrease in density of the films,1202

and directly translates to a reduction in thermal conductivity.1203

E. Molecular Dynamics simulations and lattice dynamics1204

calculations1205

To understand the role of increases in the average atomic1206

distances and resulting density changes on the vibrational1207

thermal transport in amorphous solids (in general), we per-1208

form lattice dynamics calculations to determine the diffuson1209

thermal conductivity for amorphous silicon using the widely1210

used Stillinger Weber (SW) potential. We note that there has1211

been a considerable amount of recent computational works1212

based on atomistic simulations and lattice dynamic calcula-1213

tions that have focused on shedding light on the mode-level1214

vibrational heat conduction in amorphous solids; the readers1215

are referred to Refs. [20, 22, 24, 28, 99–102] for detailed pic-1216

tures of how heat is conducted in disordered materials. In1217

our current work, we specifically focus on the role of aver-1218
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FIG. 13. (a) Thermal conductivity predicted via the Allen and Feldman theory for diffusons in amorphous Stillinger Weber silicon as a
function of mass density. The diffuson dominated thermal conductivity increases with increasing density, in qualitative agreement with our
experimentally observed thermal conductivity increase in our a-SiNx:H samples. (inset) To test the generality of these results, we conduct
similar calculations for amorphous argon described by the generic Lennard-Jones potential. Similar to the results for our MD-simulated a-
Si domains, the diffuson contribution to thermal conductivity increases monotonically as a function of mass density. (b) Mode diffusivities
calculations from the Allen and Feldman theory for amorphous Stillinger Weber silicon at 2.42 g cm−3 and 2.83 g cm−3 densities. Spatial
components of the two dimensional eigenvectors for 19.9 and 20.0 THz frequency modes in amorphous Stillinger Weber silicon at (c) 2.42
g cm−3 and (d) 2.83 g cm−3. The blue circles represent silicon atoms. In contrast to the spatial distribution of these modes throughout the
higher density case, these modes are predominantly localized in the lower density case.

age atomic distances on the vibrational thermal transport of1219

diffuson-like vibrations in amorphous solids1220

The equilibrated amorphous SW-silicon domains are cre-1221

ated with molecular dynamics simulations using the melt-1222

quench technique as detailed in our previous work [22]. Lat-1223

tice dynamics calculations are then performed on our SW-1224

silicon domains using the general utility lattice program1225

(GULP) [103]. To calculate the diffuson thermal conductiv-1226

ity, we utilize the Allen and Feldman (AF)-theory for diffusive1227

and nonpropagating modes given as [104, 105],1228

κAF =
∑

diffusons

kB

V
DAF,n(ωn), (4)

where ωn is the frequency of the nth diffuson and DAF,n un-1229

der the harmonic approximation is calculated as,1230

DAF,n(ωn) =
πV 2

~2ω2
n

∑
m6=n

|Snm|2δ(ωn − ωm), (5)
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where |Snm| is the heat current operator for the harmonic1231

modes. According to AF theory, the spatial overlap between1232

the eigenvectors of the different modes along with their ener-1233

getic overlap (i.e., the proximity of the frequencies) dictates1234

the diffusivities of the delocalized modes.1235

Our results for the calculations of κAF for amorphous SW-1236

silicon with varying densities is shown in Fig. 13a. The dif-1237

fuson dominated thermal conductivity increases with increas-1238

ing density, in qualitative agreement with our experimentally1239

observed thermal conductivity increase in our a-SiNx:H sam-1240

ples (the generality of these results are demonstrated by the1241

similar trends in thermal conductivity vs. mass density that1242

we observe in similar calculations for amorphous Argon de-1243

scribed by the generic Lennard-Jones potential, shown in the1244

inset of Fig. 13a). The increase in κAF for our amorphous1245

SW-silicon is mainly dictated by the overall increase in dif-1246

fusivities of modes in almost the entire frequency range as1247

shown in Fig. 13b for the two different densities. The increase1248

in diffusivities of the modes with density is pronounced at the1249

higher frequencies as schematically demonstrated in Figs. 13c1250

and 13d where we plot the eigenvectors for the high frequency1251

modes (at 19.9 THz and 20.0 THz) for structures with 2.42 g1252

cm−3 and 2.83 g cm−3 densities, respectively. We only plot1253

the x and z components of the eigenvectors for clarity for1254

these eigenvectors. Note, these eigenvectors are the closest1255

frequency modes with respect to each other in our amorphous1256

SW-silicon structures and so are energetically more favorable1257

to couple according to the AF theory. As is clear, the spatial1258

separation and localization of these two closest modes sug-1259

gests that they are locons in the structure with the lower den-1260

sity. Therefore, according to the AF theory, the lack of spa-1261

tial overlap, even though these modes are energetically close,1262

prevents them from coupling with each other and thus leads1263

to their lowered diffusivities. Whereas, these modes have1264

larger spatial overlap (and also extend throughout the struc-1265

ture) for the higher density structure and possess higher diffu-1266

sivities. These simulation results provide atomic scale insight1267

into the role of average atomic spacing on the thermal conduc-1268

tivity of non-propagating modes, in that a decrease in average1269

atomic spacing (resulting in an increase in density) will result1270

in a higher probability of spatial overlap of vibrational modes,1271

which leads to an increase in thermal conductivity. This gives1272

insight into the fundamental heat transport mechanisms that1273

drive the increase in thermal conductivity of amorphous solids1274

with increased density, including that of a-SiNx:H with a de-1275

crease in hydrogen content.1276

V. CONCLUSIONS1277

This work details the impact that varying hydrogen compo-1278

sition has on the thermal conductivity of amorphous silicon1279

nitride thin films. To date, inconsistent atomistic characteriza-1280

tion of intentionally or unintentionally hydrogenated silicon1281

nitride films has led to discrepancies in the literature of the1282

thermal conductivity of a-SiNx:H and thus a void in the under-1283

standing of how vibrational energy transport is impacted by1284

hydrogen in amorphous materials. Through extensive chemi-1285

cal, vibrational, and structural analysis in tandem with thermal1286

conductivity measurements, we show that hydrogen incorpo-1287

ration into silicon nitride disrupts the bonding among silicon1288

and nitrogen atoms. This incorporation of hydrogen leads to1289

an increase in average atomic pair distances, as measured via1290

selected-area electron diffraction, which underpins the result-1291

ing decrease in density of the films, and directly translates to1292

a reduction in thermal conductivity. We conclude that the vi-1293

brational heat transport in a-SiNx:H is primarily dominated1294

by diffuson-like modes at room temperature for thicknesses1295

ranging from 50 nm to 2 µm. The thermal conductivity of1296

the diffusons in a-SiNx:H is a direct function of the hydro-1297

gen composition, and is proportional to the density and aver-1298

age atomic pair distances in the a-SiNx:H. We further support1299

this conclusion through molecular dynamics simulations, and1300

show that an increased density leads to an increased overlap1301

of the diffuson wavefunctions, leading to the increased dif-1302

fuson thermal conductivity. The original results presented in1303

this work combined with our extensive review of prior reports1304

on the thermal conductivity of a-SiNx:H films resolves dis-1305

crepancies in prior literature and facilitates a more universal1306

understanding of the vibrational heat transport processes in1307

hydrogenated amorphous silicon nitride.1308
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APPENDIX TABLE: IN-PLANE THERMAL CONDUCTIVITY (κr) AND CORRESPONDING PROPERTIES OF AMORPHOUS1578

a-SINx DISCUSSED IN SECTION II FROM THE LITERATURE1579

TABLE II. In-plane thermal conductivities (κr) and thicknesses (d) of a-SiNx samples reported in the literature that were reviewed in Section1580

II (note, films deposited via PECVD are assumed as a-SiNx:H). When reported, growth process, deposition temperature (Tdep), density (ρ),1581

reported stoichiometry (if assumed, value appears in parentheses), and ratio of % N to % Si composition based on stoichiometry reported in1582

paper (%N:%Si) are listed.1583

Reference Reported Stoichiometry Growth Process Tdep ρ %N:%Si Thickness κr

(Assumed Stoichiometry) (◦C) (g cm−3) (nm) (W m−1 K−1)

Mastrangelo et al. [33] a-Si1N1.1 LPCVD 835 3 1.10 2000 3.2 ± 0.5
835 3 1.10 3000 3.2 ± 0.5
835 3 1.10 4000 3.2 ± 0.5

Zink and Hellman [34] a-Si1N1 LPCVD 835 2.9 1.0 200 3.0
Sultan et al. [35] a-SiNx LPCVD 835 2.9 500 2.7 ± 0.2

835 2.9 500 3.2 ± 0.15
835 2.9 500 3.2

Sultan et al. [36] a-SiNx LPCVD 835 500 3.0
Jain and Goodson [37] a-SiNx LPCVD 850 1500 4.9 ± 0.7

Queen and Hellman [38] a-SiN1.15 LPCVD 835 2.68 1.15 50 2.5
835 2.68 1.15 200 4.5
835 2.68 1.15 50 2.0
835 2.68 1.15 200 3.0

Ftouni et al. [39] a-Si3N4 LPCVD 1.33 50 2.9
1.33 100 3.06

a-SiN1.1 LPCVD 1.1 50 2.5
1 100 3.8

Zhang and Grigoropoulos [40] Si67N33 LPCVD 835 0.5 600 13 ± 1
835 0.5 1400 9 ± 1

Irace and Sarro [41] a-SiNx LPCVD 800 1.6
Alam et al. [42] a-SiN1−1.1 LPCVD 820 3.1 1-1.1 50 2.7
Sikora et al. [43] a-SiNx LPCVD 100 10

Bodenschatz et al. [44] a-Si3N4 LPCVD 1.33 100 3 ± 0.2
Stojanovic et al. [47] a-SiNx PECVD 350 1.33 180 2.1 ± 0.2

(a-SiNx:H) 350 1.33 180 2.1 ± 0.15
Eriksson et al. [32] a-SiN PECVD 300 2.2 300 3.8

(a-SiNx:H) 300 2.2 300 4.3
300 2.2 300 5.1
300 2.2 500 4.8
300 2.2 500 4.7

Griffin et al. [51] a-Si3N4 CVD 1.33 60 2.0
1.33 210 2.0
1.33 1200 2.0
1.33 2820 2.0
1.33 8500 2.0

Lee et al. [52] a-SiNx CVD 550 5.4 ± 0.5
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APPENDIX TABLE: CROSS-PLANE THERMAL CONDUCTIVITY (κz) AND CORRESPONDING PROPERTIES OF1585

AMORPHOUS a-SINx DISCUSSED IN SECTION II FROM THE LITERATURE1586

TABLE III. Cross-plane thermal conductivities (κz) and thicknesses (d) of a-SiNx samples reported in the literature that were reviewed in1587

Section II (note, films deposited via PECVD are assumed as a-SiNx:H). When reported, growth process, deposition temperature (Tdep),1588

density (ρ), reported stoichiometry (if assumed, value appears in parentheses), and ratio of % N to % Si composition based on stoichiometry1589

reported in paper (%N:%Si) are listed.1590

Reference Reported Stoichiometry Growth Process Tdep ρ %N:%Si Thickness κz

(Assumed Stoichiometry) (◦C) (g cm−3) (nm) (W m−1 K−1)

Hopkins et al. [45] a-SiNx LPCVD 46 3.1 ± 0.1
232 3.5 ± 0.2

Bai et al. [46] a-Si3N4 LPCVD 800 1.33 37.2 1.2 ± 0.2
800 1.33 52.9 1.7 ± 0.3
800 76.6 1.8 ± 0.3
800 100.1 1.9 ± 0.4
800 150.5 2.0 ± 0.4
800 200.1 2.1 ± 0.4

Coquil et al. [48] a-SiN PECVD 500 1.2 ± 0.4
(a-SiNx:H)

Bogner et al. [49] a-Si3N4 PECVD 1.33 298 0.8 ± 0.1
(a-SiNx:H) 1.33 500 1.2 ± 0.1

1.33 601 1.3 ± 0.1
1.33 698 1.5 ± 0.1
1.33 1001 1.7 ± 0.1

Lee and Cahill [50] a-Si1N1.1 PECVD 300 2.2 1.1 20 0.5
(a-SiNx:H) 300 2.2 1.1 40 0.6

300 2.2 1.1 60 0.7
300 2.2 1.1 120 0.8
300 2.2 1.1 250 0.7

Lee and Cahill [50] a-Si1N1.1 APCVD 900 2.8 1.1 180 1.4
(a-SiNx:H)

Govorkov et al. [53] a-Si3N4 Sputtering 23 1.33 100 1.2
23 1.33 210 1.2
23 1.33 420 1.2

Marconnet et al. [54] a-SiNx Sputtering 23 1.2 400 2.1 ± 0.2
600 1.2 400 2.2 ± 0.2
700 1.2 400 2.5 ± 0.2
800 1.2 400 2.4 ± 0.2
900 1.2 400 2.6 ± 0.3

1000 1.2 400 2.6 ± 0.3
1100 1.2 400 2.7 ± 0.3
1000 1.27 400 2.4 ± 0.2
1000 1.0 400 2.3 ± 0.2
1000 0.96 400 2.1 ± 0.2
1000 0.94 400 2.2 ± 0.2
1000 0.7 400 1.7 ± 0.2
1000 0.6 400 1.3 ± 0.1
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APPENDIX TABLE: THERMAL CONDUCTIVITY AND CORRESPONDING CHEMICAL AND MECHANICAL PROPERTIES1592

OF AS-DEPOSITED FILMS STUDIED IN THIS WORK1593
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TABLE IV. Experimentally measured properties of the as-deposited films studied in this work: Target thickness during deposition (Target thick.), thickness measured via spectroscopic
ellipsometry (SE thick.),a refractive index measured via spectroscopic ellipsometry (SE RI),a root mean square surface roughness measured via atomic force microscopy (AFM RMS),b

atomic composition of silicon, carbon, nitrogen, oxygen, and hydrogen (%Si, %C, %N, %O, %H, respectively),c ratio of nitrogen to silicon atomic composition (%N:%Si), coordination
number 〈r〉,d mass density,c film stress,e indentation modulus (Indent. mod., M ),f Young’s modulus (Young’s mod., Y ),f indentation hardness (Indent. hardness, H),f average spherical
pore diameter (Pore diam., Dsphere),g relative porosity (Rel. Por., IVhole),g and thermal conductivity (Thermal cond., κz).h Note: slight differences between the thickness, composition,
density, and 〈r〉 are reported here relative to those in Table I for the as-deposited 1500, 9000, and 18000 sccm NH3 a-SiNx:H films. These differences are the result of two sets of
independent measurements being performed on samples cleaved from different portions of the 300 mm diameter wafer and represent both measurement-measurement variability and across
wafer thickness and composition uniformity.

Film Target SE SE AFM % Si % C % N % O % H %N:%Si 〈r〉 Mass Film Indent. Young’s Indent. Pore Rel. Thermal
thick. thick. RI RMS density stress mod., M mod., Y hardness, H diam., Dsphere por., VholeI cond., κz

(nm) (nm) (nm) (g cm−3) (MPa) (GPa) (GPa) (GPa) (nm) (nm3) (W m−1 K−1)
a-Si:H (series 1) 200 167 4.42 1.7 92.9 0.0 0.0 0.0 7.1 N/A 3.8 2.4 -480 119 ± 18 112 ± 17 11.9 ± 2.7 0.484 ± 0.003 0.58 ± 0.01 2.36 ± 0.27

a-Si:H (series 2) 200 325 3.79 NM 87.5 0.0 0.0 0.0 12.5 N/A 3.6 2.4∗ -392∗∗ 129 ± 6 118 ± 6 12.1 ± 1 NM NM 1.94 ± 0.30

a-Si:H + 1500 sccm NH3 200 172 2.71 0.7 55.5 0.0 24.0 0.0 20.5 0.4 3.1 2.3 304 131 ± 12 122 ± 11 12.4 ± 1.4 0.616 ± 0.006 0.77 ± 0.02 0.89 ± 0.09

a-Si:H + 3000 sccm NH3 200 170 2.29 0.7 47.1 0.7 29.9 0.0 22.3 0.6 3.0 2.3 405 120 ± 9 112 ± 9 12.5 ± 1.2 0.608 ± 0.004 1.42 ± 0.03 0.96 ± 0.08

a-Si:H + 6000 sccm NH3 200 184 1.99 0.6 40.3 0.0 34.9 0.0 24.8 0.9 2.9 2.4 440 124 ± 8 116 ± 7 12.7 ± 1.0 0.564 ± 0.003 1.51 ± 0.03 0.96 ± 0.1

a-Si:H + 9000 sccm NH3 200 184 1.99 0.5 37.2 0.0 38.2 0.0 24.6 1.0 2.9 2.3 442 118 ± 6 111 ± 6 12.4 ± 0.6 0.539 ± 0.004 1.34 ± 0.03 0.91 ± 0.08

a-Si:H + 12000 sccm NH3 200 192 1.95 0.4 34.3 0.0 40.5 0.0 25.2 1.2 2.8 2.2 642 122 ± 9 114 ± 8 12.1 ± 1.0 0.543 ± 0.004 1.33 ± 0.03 1.04 ± 0.09

a-Si:H + 15000 sccm NH3 200 203 1.87 0.4 35.1 0.0 36.9 0.0 27.9 1.1 2.8 2.3 670 121 ± 9 114 ± 8 12.2 ± 1.0 0.525 ± 0.004 1.32 ± 0.03 1.08 ± 0.10

a-Si:H + 18000 sccm NH3 200 198 1.90 0.4 31.3 0.0 39.7 0.0 29.1 1.3 2.7 2.3 689 131 ± 16 123 ± 15 14.1 ± 2.1 0.518 ± 0.004 1.51 ± 0.03 1.13 ± 0.08

LPCVD Si3N4 500 500 1.97 0.4 43.4 0.0 51.9 0.0 4.7 1.2 3.3 2.8 NM 275 ± 13 258 ± 12 35.2 ± 1.3 NM NM 2.2 ± 0.20

HTCVD Si3N4 500 586 1.98 NM 41.5 0.0 53.6 0.0 5.0 1.3 3.3 2.8 800 239 ± 9 224 ± 8 17.9 ± 1.4 NM NM 1.95 ± 0.18∗∗∗

a. Thickness and refractive index measurements via spectroscopic ellipsometry described in Ref. [69]. Refractive index values reported at 633 nm.
b. Atomic force microscope (AFM) root mean square (RMS) surface roughness measurements were performed per methods described in Ref. [55]. RMS error = ± 0.1 nm.
c. Atomic % Si, C, N, O and H and mass density were determined from combined Rutherford back scattering (RBS) and nuclear reaction analysis (NRA) measurements described in
Ref. [67]. Element error = ± 5%, density error = ± 0.1 g cm−3. These data were collected on a sample that was cut from a different part of the wafer as the samples reported in the
manuscript and in Table I.
d. The mean atomic coordination (〈r〉) was calculated according to Eq. 1 using the atomic compositions determined from the NRA-RBS analysis. Error = ± 0.05. These data were
collected on a sample that was cut from a different part of the wafer as the samples reported in the manuscript and in Table I.
e. Film stress was determined by pre/post deposition wafer curvature measurements and Stoney’s formula as described in Ref. [68]. Error = ± 10%.
f. Indentation modulus (M ) and hardness (H) were determined by nano-indentation measurements described in Ref. [68]. Indentation modulus (M ) was converted to Young’s modulus
(Y ) via Y = M

(
1− ν2

)
assuming a Poisson’s ratio (ν) of 0.25.

g. The average spherical pore diameter (Dsphere) and relative porosity (VholeI) were determined from positronium annihilation spectroscopy (PALS) measurements described in
Refs. [71, 72].
h. Cross plane thermal conductivity (κz) determined by time-domain thermoreflectance (TDTR). Samples were coated with an 80 nm aluminum film before measurement.
*. Determined by x-ray reflectivity (XRR) measurements described in Ref. [68].
**. Based on stress measurement for a-Si:H on 100 nm SiO2/Si substrate. Stress measurements not possible for a-Si:H on Si due to film blistering.
***. Thermal conductivity measured on the 1.5 µm sample and reported in Fig. 4.
NM = Not measured.
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