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Group |V semiconductor nanomaterials, including silicon nanocrystals and more recently nanosheets,

DOI: 00.0000/XXXXXXXXXX

are emerging as promising candidates for next-generation optoelectronic devices due to their room-

temperature photoluminescence and compatibility with CMOS technologies. However, their intrinsic
indirect bandgaps remain a key limitation. In this Feature Article, we highlight our group’s contri-

butions toward structure-property relationships, specifically, in understanding of how the semicon-

ductors’ structure, surface chemistry, and chemical composition influence this key limitation, namely

photoluminescence, in solution-processable Group IV nanocrystals and nanosheets, with an emphasis

on silicon-based materials.

1 Introduction

Nanostructured Group IV semiconductors comprised of Group
IVA (or Group 14) elements, particularly silicon, have emerged
as promising materials for next-generation optoelectronic de-
vices.TH4 Group IV semiconductors are abundant, cost-effective,
and non-toxic; they also offer a key advantage over other prospec-
tive materials such as IIIA-VA (e.g., GaAs, GaN, InAs) and (metal
halide) perovskites in that they are compatible with the CMOS
process, enabling seamless integration into the existing micro-
electronic infrastructure.? Table 1 summarizes the key advan-
tages of Group IV semiconductors over other semiconductor
classes. The primary challenge in using conventional Group IV
semiconductors for many applications is their indirect bandgaps,[zj
which make them poor light emitters, even at cryogenic tem-
peratures.® This fundamental challenge can potentially be over-
come by confining the physical dimensions of these materials
to the nanoscale in one, two, or three dimensions to create 2D
nanosheets (NSs), 1D nanowires, OD nanocrystals (NCs). Nanos-
tructuring has been shown to dramatically enhance PL in Group
IV nanostructures. 2 Another approach to improving light emis-
sion has been the synthesis of Group IV nanoalloys (e.g., Si;_,Gey,
Ge1_,Sny, Si;_Sny, or Sil_x_yGexSny), in which the random
distribution of the Group IV elements within the alloy may break
the translational symmetry that gives rise to the indirect bandgaps
of bulk Si and Ge.12

Many prior efforts have targeted the issue of band structure
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Scheme 1 Factors influencing electronic properties in solution-
processable Group IV semiconductor nanomaterials towards band struc-
ture engineering.

in Group IV semiconductor nanomaterials; however - with the
exception of Si-based nanomaterials - they are often character-
ized by relatively weak or non-existent light emission (®p;, often
below 10%) due to (i) poorly understood synthesis-structure re-
lationships, (ii) loosely established, and sometimes conflicting,
structure-property relationships, including the role that surface
states/chemistry play, and (iii) elusive origins of light emission
in as-prepared materials. Thus, deeper understanding of these
nanomaterials’ structure, chemistry, and properties are necessary
to achieve commercial viability.

In this feature article, we highlight our contributions to
the broader understanding of structure-property relationships in
Group IV semiconductor nanomaterials, with a particular focus on
Si NCs and NSs. Specifically, we summarize how synthetic condi-
tions, structure, morphology, surface chemistry, and composition
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Table 1 Key advantages of Group IV semiconductors based on Group IVA elements compared to other classes of state-of-the-art semiconducting materials
based on the IIIA-VA and IIB-VIA elements. Note, the abbreviations MIR and NIR mean mid-infrared and near-infrared, respectively.

Property Group IV

Group III-V/II-VI

Excellent
High (low cost, abundant)

CMOS Compatibility
Commerecial viability

PL quantum yield (®pr)
Band structure engineering
Environmental impact

Improved with nanostructuring and alloying
Alloying or strain affords visible to MIR tunabilty
Minimal to none (nontoxic, sustainable)

Requires heterointegration

Low (high cost, scarce)

Requires complex production for high values
Requires elaborate heterostructures; restricted to NIR
High (toxic)

influence the optoelectronic properties, namely the band struc-
ture and PL (Scheme 1). Lastly, we conclude with broad chal-
lenges for these materials and suggest potential paths forward.

2 Nanocrystals

Group IV semiconductor nanocrystals have been investigated for
many decades due to their potential for use in solar cells,2% light
emitting diodes,™ and photodetectors.2 The interest in the field
began in the early 1990s with the synthesis of 3 nm silicon crys-
tallites via electrochemical etching of silicon wafers, resulting
in red ernission,m| followed by the synthesis of highly lumines-
cent (®py, of 5-20%) hydride- and alkoxide-terminated SiNCs in
the 2000s;23 these NCs also displayed electrogenerated chemi-
luminescence.?# From 2005 to present, our group has made no-
table contributions to understanding of structure-property rela-
tionships of Group IV nanocrystals, as outlined below.

2.1 Silicon Nanocrystals
2.1.1 Synthesis.

In earlier work on SiNC synthesis, we demonstrated the colloidal
synthesis of SiNCs from high-temperature pyrolysis (1100 to 1400
°C) of hydrogen silsesquioxane (HSQ),25%27 as HSQ had recently
been demonstrated as a promising precursor at the time.28 While
HSQ has historically been the primary precursor employed for
generation of SiNCs since, synthetic challenges and short shelf
life have led to high costs and restricted commercial availability.
Thus, to overcome these challenges, our group and others more
recently demonstrated that SiNCs could be generated from silicon
monoxide (SiO) at lower pyrolysis temperatures (900 to 1100
°C).29830 our group is also exploring HSQ-like, sol-gel polymers
((RSiO3,5)n where R=H, alkyl, or aryl), derived from halo- or
organosilanes, as precursors for SiNCs, as such "HSQ polymers"

have recently been demonstrated as a promising alternative to
HSQ.BI

2.1.2 Structure.

High temperature processing of the Si precursor (900 to 1400 °C)
leads to nanoscale Si domains, consisting of tetrahedrally coor-
dinated Si atoms in a diamond cubic lattice, embedded within
a SiO, matrix, which are then liberated from the SiO, matrix
via hydrofluoric (HF) acid etching (see Surface Chemistry sec-
tion), 25427129 with the duration of this latter step also impacting
the resultant nanocrystal size.32/ Our early work on SiNCs demon-
strated that higher processing temperatures of HSQ (900 to 1400
°C) yield larger crystalline domains (approximately 3 nm to 90
nm) due to increased malleability or melting of the HSQ precursor
(Fig. 1);2% others have recently reported similar results.23 Addi-

2| Journal Name, [year], [vol.], 1

tionally, we studied the structure of the HSQ-derived SiNCs via
high-resolution transmission and scanning transmission electron
microscopies (TEM and STEM) using graphene as an ultrathin
support, which afforded microscopic imaging of defects (twinned
planes) and lattice strain in the nanocrystals (Fig. 2). Since,
others have employed this imaging approach to elucidate more
detailed structural information of SiNCs derived from Si0.2% Such
high-resolution microscopic imaging of the NCs’ intricate struc-
ture is vital to improving understanding of the NCs’ structure-
property relationships, especially since Thiessen et al. more re-
cently demonstrated via 29Si solid-state nuclear magnetic reso-
nance (NMR) spectroscopy that SiNCs derived from HSQ form
three structural layers: a crystalline core, a quasi-crystalline sub-
surface, and a disordered surface.2# The thermal processing of
sol-gel polymers also results in temperature-dependent NC size.3%
In our recent work utilizing SiO as the SiNC precursor, we em-
ployed a single processing temperature (910 °C),22 as this ap-
proach currently does not afford the same degree of temperature-
dependent size tunability (approximately 2 nm to 5 nm).30

e
o 1100 - 1400°C
1
o555, 90%AT10%H,
s—0—s(
p y HF/HCI
R, H
VAMAAR Hogh M
R r— H
"
190°C, 8 hr WL H
R R

Fig. 1 (a)-(g) TEM of alkyl-terminated SiNCs generated through HSQ
decomposition at the indicated temperatures, followed by HF etching and
thermal hydrosilylation with terminal alkenes, as schematically shown in
panel (h). (Reproduced with permission from ref. [25] Copyright 2012
American Chemical Society)
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Fig. 2 The defect free (a) and twinned lattice structure (b-d) of SiNCs
acquired with bright-field STEM. The alkyl-passivated SiNCs were demon-
strated in panels (a), (c) and (d) whereas hydride-terminated silicon
nanocrystal was shown in panel b (Reprinted with permission from ref.
118 Copyright 2012 American Chemical Society)

2.1.3 Surface Chemistry.

The surface chemistry of the as-synthesized SiNCs is highly de-
pendent upon the synthetic protocol employed with both hydro-
gen and halide surface groups reported. Our works demon-
strated that the surface of SiNCs, derived from thermally pro-
cessed HSQ and liberated with HF etching, is primarily termi-
nated by SiH, groups,252729 with others reporting that the NCs’
surface consists roughly of 54-62% mono- (-SiH), 25-38% di- (-
SiHj), and 8-20% trihydride (-SiHg) groups. We note, when
HF etching is employed, minor fluorine termination (<0.5 flu-
orine nm2) is also reported to arise.36 Unfortunately, the re-
active SiHx groups lead to poor chemical stability, with expo-
sure to oxygen or water resulting in an insulating oxide layer.2?
To overcome this chemical instability, we employed a hydrosi-
lylation approach, 232729 i which the Si-H groups are reacted
with terminal alkenes (or alkynes), such as 1-dodecene (1-DD)
or 1-octadecence (1-OD), to form Si-C bonds and alkyl-
terminated surface. These hydrosilylation surface termination re-
actions proceed due to the formation of silyl radicals, which are
typically generated thermally, 252729 by light,4% or by chemical
initiators.4! While most literature reports passivate SiNCs with a
single alkene of a given chain length, we found that the combi-
nation of long and short alkenes (4:1 ratio 1-DD:1-OD) enhanced
the ligand surface coverage and colloidal stability of SiNCs, espe-
cially for NCs greater than approximately 8 nm.25 Additionally,
rigorous purification of the passivated NCs is key for removing im-
purities, such as residual ligand, that can interfere with (optical)
characterization. Towards this, we found that multiple (> four)
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Fig. 3 Mechanistic illustration of room temperature hydrosylilation of sil-
icon nano crystals in the presence of methyl 10-undecenoate. The methyl
10-undecenoate was demonstrated in its resonance structure to highlight
electrostatic interaction with the hydride-terminated silicon nanocrystal
surface. (Reproduced with permission from ref. 163 Copyright 2013
American Chemical Society)

solvent/antisolvent washing/precipitation cycles were highly ef-
fective for removing impurities and obtaining clean, optically
transparent SiNC dispersions.2% Further, we also demonstrated
that hydrosilylation of SiNC surfaces can be facilitated by either
w-ester-terminated (alkene-COOR) or w-acid-terminated alkenes
(alkene-COOH) at room temperature, where the bifunctional
ligands catalyze the hydrosilylation process by the nucleophilic
carbonyl group of the ester (or acid) enhancing coordination with
the oxophilic silicon surface and thereby the reactivity of silicon-
hydrogen (Si-H) species toward the terminal alkenes, as shown
in Fig. 3.

2.1.4 Structure-Property Relationships.

Hydride-terminated SiNCs are known to display weak PL while
terminating the surface with alkyl groups markedly increases
@p, 49 consistent with predictions that alkyl termination im-
proves radiative transitions.®? We demonstrated that HSQ-
derived SiNCs terminated with both 1-DD and 1-OD display ®py,
values up to 8%, with the PL maxima redshifting and ®py, de-
creasing with increasing NC size (Fig. 4(a)). Others have
also observed such size-dependent optical properties for alkyl-
terminated SiNCs, derived from HSQ or sol-gel polymers, with
Pp;, values up to 70% more recently reported; in addition to
size, the observed optical properties are also dependent upon the
precursor and ligand.3I51 Conversely, Korgel and co-workers re-
vealed that the ®py, of SiNCs larger 4.5 nm is not inherently de-
pendent on their size,*2 while SiNCs smaller than 4.5 nm have
size-dependent ®p;, that decreased markedly with smaller NC
size due to increased nonradiative relaxation.®2 Similarly, Ozin
and colleagues reported a monotonic, size-dependent decrease in
®py, for SiNCs derived from SiO, terminated with allylbenzene,
and fractionated via size-selective precipitation. (Fig. 4(b)).|33I Ta-
ble 2 summarizes the reported properties (size, PL peak maxima,
@py) for alkyl-terminated SiNCs derived from HSQ, SiO, or HSQ
polymers from select works, demonstrating that the properties of
SiNCs are highly dependent on the precursor and the passivating
ligand. While the size, crystallinty, and surface chemistry of the
SiNCs are known to be key contributors to the observed pL, 454
the exact origin (e.g., physical, chemical) of this PL remains elu-
sive.

Another viable avenue for tuning the electronic properties of

Journal Name, [year], [vol.], 1 |3
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Table 2 Summary of SiNC size, peak PL, and ®py, for NCs synthesized from HSQ, SiO, or HSQ polymers and terminated with various alkyl groups. The
ligand abbreviations, 1-P, 1-H, 1-O, 1-D, 1-DD, 1-DDY, 1-OD, 10-UDA, M-10-UD, and E-10-UD, represent the following terminal alkenes/alkynes used in
the hydrosilylation step: 1-pentene, 1-hexene, 1-octene, 1-decene, 1-dodecene, 1-dodecyne, 1-octadecene, 10-undecanoic acid, methy-10-undecanoate,
and ethyl-10-undecanoate.

Precursor Ligand Size (nm) Peak PL (eV) Dpy, (%) Ref.
HSQ 1-DD, 1-OD 1.0-12.0 1.1-1.7 0.4-8.0 25
10-UDA, M-10-UD, E-10-UD 2.3 1.9 7.0 27

1-H, 1-DD, M-10-UD 3.0-5.0 1.4-1.8 30-70 10

1-P, 1-DD, 1-DDY, M-10-UD 3.0-8.2 1.8 62 42

1-D 2.7-3.9 1.7 38 43

Sio 1-D 3.5-4.0 1.5 4.0-16 30
1-DD 2.9 1.5 — 29

HSQ polymer 1-DD 3.0-6.7 1.3-1.7 — 44
1-DD 3.9-6.4 1.3-1.5 19-41 45

1-OD 4.9 3.0 2.5-21 46

1-0, 1-D, 1-OD 2.1-3.6 1.5-1.7 44-56 35

M-10-UD 4-5 1.5 20-40 47

10-UDA 1.8 1.7 22 48
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SiNCs is through alloying with germanium to yield Si;_,Ge, NCs.
Although our group has yet to publish work in this area, such al-
loys are predicted to have size, shape, and composition dependent
electronic properties352 and can be synthesized and surface ter-
minated via similar routes to SiNCs, =672 with size and compo-
sitional tunability arising from varied Si:Ge ratios®? and reac-
tion temperatures.2822 The as-synthesized hydrogen-terminated
Si;_xGeyx NCs are reported to have a PL peak maximum around
1.55 eV, with air oxidation blueshifting the PL energy about 0.1
eV due to a decrease in size,”°°7 while both blue PL ( 3.45 €V)

and infrared PL (1.3 eV to 1.6 €V) have been observed, depending § ‘L\*l’"—‘—-wwc :
on the hydrosilylation reaction or ligand.20/38160-62 = — o ‘ 1 g
St ——_Lisoec
. z.\al/\./_\*_ 21(d) Ge 3d
2.2 Germanium Nanocrystals @ \/\/\—_——325 c § 250°C A Ge™ 20%
2.2.1 Synthesis. £ pre g h  Ceri 4%
- \/\/\-—-—-—lzswc g R Ge’: 28%
While numerous synthetic protocols have been reported for the ) 2 ‘
. 63 .- . . Unannealed &
preparation of GeNCs,®* the majority of these synthetic routes i . S
slef -2 - -w- = - -1GeO,Hex. &

require high-purity Ge precursors and toxic, flammable reducing
agents to control the morphology of the GeNCs, 465! that are re-
ported to produce unwanted byproducts and highly polydisperse
NCs with dangling bonds, leading to poor optical properties.©2 To
address theses challenges, we synthesized GeNCs through ther-

mal disproportionation of a germania (GeOx) glass (250 to 425

@@ PN

0\ ,~o(1) Hydrolysis
. o f—s
(2T2325°C

‘Ge'

Cl Cl

(1) (b)

(c) Ge 3d
@ )

No annealing Ge** 25%
Ge?" 65%
Ge’: 10%

20)
G (400331
450°C

*-l———~.l_—;._~ 425°C

Intensity (arb. units)

T r - - +JGe Cubic 38 35_ ?4 32 30 28 26
20 30 40 50 60 70 Binding Energy (eV)
20 (°)

Fig. 5 (a) Schematic illustration of GeNCs synthesis via the thermally-
induced disproportionation of hydrolyzed GeCl,-dioxane. (b) XRD pat-
terns of hydrolyzed GeCl,-dioxane processed at different temperatures
under Ny flow. XPS of (c) unannealed and (d) annealed (250 °C) hy-
drolyzed GeCl,-dioxane precursor indicating the formation of nanocrys-

(a) 100 BE (b)E & tals and amorphous GeOz. (Reproduced from ref. [67] with permission
* - o . .
10501 e :; 2 50 m from the Royal Society of Chemistry)
1000 e 5 -
E o0 e € E®™ ..  DECREASINGSIZE
ﬁ 900 * A % E 30 - .
E 850 2 2 = o . . .
2 aes] : A . C); we prepared the germania glass via water hydrolysis of a
S . . .
woy e , hE é 10 . GeCl,-dioxane complex at room temperature (Fig. 5(a)).2Z Our
700 g 03 -] " . .
G <o approach affor the growth nanocrystallin rmanium do-
— T o — T ppro orded the gro ocrys e ge um do

Size (nm) Fraction Number

Fig. 4 The size-dependent photoluminescent properties of SiNCs. (a) The
relationship between PL peak maximum and relative ®p) (assessed vs.
the infrared-emitting, reference fluorophore IR-26) as a function of SiNC
size. (b) Size-dependent absolute ®py) values of SiNCs obtained via size-
selective precipitation. (Panels (a) and (b) were adapted with permission
from ref. [25land ref. 53] respectively. Copyright 2012 American Chemical
Society)

4 Journal Name, [year], [vol.], 1

mains embedded in a GeO, matrix at lower annealing temper-
atures than previous reports using germanium oxides. 68770

2.2.2 Structure.

Typically, the crystallinity and size (2 to 30 nm) and of GeNCs
can be controlled by varying synthetic conditions such as the em-
ployed Ge precursor(s), annealing time and temperature, reduc-
ing agent,or ligand.[4-00l71H76l we employed ex situ X-ray diffrac-
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tion, coupled with X-ray photoelectron spectroscopy, to observe
the temperature-dependent formation of nanocrystalline domains
in a GeO, matrix derived from GeO, glass (Fig. 5(b)-5(d)). 67 Our
results indicated no significant structural change up to 325 °C, af-
ter which peaks assigned to amorphous GeOy disappeared and
peaks assigned to crystalline Ge emerged. Further, our XPS mea-
surements confirmed that the disproportionation reaction started
after 250 °C, as evidenced by an increase in the Ge® and Ge**
and a decrease in the Ge2™ signal. We did not observe a clear
temperature-dependence on the size of Ge nanocrystalline do-
mains, contrary to the above reports, as well as others explor-
ing thermal disproportionation of germanium oxides. %879 For in-
stance, the thermal disproportionation of GeO between 410 °C
and 550 °C produced GeNCs with dimensions ranging from 5 to
30 nm.°® Further, our study of the thermal disproportionation
of a GeOy glass produced highly polydisperse GeNCs.°Z More re-
cently, doping (i.e., Co) of the Ge core was demonstrated to im-
prove particle size uniformity.ZZ

2.2.3 Surface Chemistry.

The resulting surface chemistry of GeNCs is highly dependent
upon the synthetic protocol employed.®3 For example, solution-
phase reduction of germanium halides with hydride-containing
reducing agentsZ378 or HF-etched, thermally processed germa-
nium oxides®® result in hydride-terminated GeNCs (H-GeNCs),
while thermolysis of alkylgermanes in the presence of alcohol is
reported to result in GeNCs with alkoxy termination.®? Based
off this knowledge, we employed aq. HF etching to liberate
the nanocrystalline Ge domains from our Ge oxide matrix which
resulted in hydride-terminated GeNGCs.2Z As such H-GeNCs are
prone to oxidation, 7378 we then terminated the surface in a sim-
ilar manner to H-SiNCs, using a (thermal) hydrogermylation ap-
proach with terminal alkenes (e.g., octadecene) to yield alkyl-
(1-OD-) terminated GeNCs;®Z such thermally activated, radical-
initiated, or catalyzed hydrogermylation reactions are known to
yield alkyl-termainted GeNCs with improved colloidal and chem-
ical stabilities. 0716973178 Additionally, nonthermal plasma and
solution-based syntheses are reported to result in the formation of
chlorine-terminated GeNCs, which were then reacted with a Grig-
nard reagent to yield alkyl-passivated GeNCs.”2 Furthermore, si-
multaneously NC formation and surface termination with organic
ligands have been reported, 717275180 yyith the employed capping
ligands reported to play a significant role in NC growth.Z®

2.2.4 Structure-Property Relationships.

Computationally, hydrogen-terminated GeNCs are predicted to
have size-dependent optical properties due to quantum confine-
ment effects, with the bandgap decreasing from 4.1 eV to 1.4 eV
when the NC size increases from 1.25 nm (Ge4sHsg) to 3.96 nm
(Geq445Hs34) .12 Conversely, terminating the surface with more
electronegative atoms, such as NHj,F, Cl, Br, or hydroxyl, are
predicted to lower bandgap energies, with halide and hydroxyl
termination exhibiting greater stability compared with other ter-
minal groups.8Y We did not observe detectable visible or infrared
PL from our 1-OD-terminated GeNCs (derived from thermal dis-
proportionation of germania glass) which we attributed to sur-
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face defects or impurities (e.g., excess ligand),®Z although their
polydispersity may be playing a role. Our observation of GeNCs
with no detectable PL is consistent with other reports using sim-
ilar oxide-based solid-state syntheses; %9 however, our results are
contrary to many reports on GeNCs. Indeed, experimentally ob-
served PL for H- or alkyl-terminated GeNCs is reported to range
from the visible (2.95 €V) to infrared (0.67 €V), with both NC size
and surface chemistry influencing the observed optical properties
and increasing size typically red-shifting the PL.ZIH73\75I767852
For instance, multiple groups reported allylamine-capped GeNCs,
4 to 5.5 nm in size, with PL ranging from 2.95 eV to 2.30
eV, 3178 a5 well as ®p;, of up to 20% at visible wavelengths.®3
Similarly, alkyl-terminated GeNCs with visible PL spanning 4.1
eV to 2.5 eV and ®p; of up to 37% have been reported.®4
Conversely, others have demonstrated infrared-emitting alkyl(-
amime)-passivated GeNCs, with size-dependent (2 to 18 nm) PL
ranging from 0.67 to 1.44 eV, 7727176182 bt often with low ®py,
values (0.02 to 0.08 %),727%l although, ®p;, values of up to 8%
have been reported.”ZL

Similar to alloyed Si;_,Gex NCs, alloying of tin with germa-
nium is a viable route for electronic property modulation. Again,
while our group has yet to contribute to this area, Ge;_,Sn, NCs
alloys are predicted to have an indirect-to-direct bandgap tran-
sistion with increasing Sn content,1? with the simulated elec-
tronic properties of tetrahedrally coordinated NC alloys being
dependent upon size, shape, and composition.1282180 In gen-
eral, Gei_,Sny alloyed NCs are typically synthesized through
convective or microwave assisted heating of Ge and Sn halides
(or Sn amides) in alkylamines, assisted by a (strong) reducing
agent, such as n-butyllithium (n-Buli), leading to alkylamine-
terminated NCs, with the synthetic conditions impacting the size
and composition.8Z99 Through these approaches, size- (1-20
nm) and composition- (up to 95% Sn) dependent electronic prop-
erties have been demonstrated, with increasing Sn content red-
shifting the absorbance onset and PL from the visible ( 2 €V) to
the infrared (<1 eV),82180I88190] hile still maintaining the dia-
mond cubic lattice.82

3 Two-dimensional Nanosheets

In recent years, solution processable methods, such as topotac-
tic deintercalation of Zintl phase precursors (Fig. 6(2)),22 have
arisen as promising approaches towards free-standing Group IV
NSs as these approaches boast (i) less demanding and more cost-
effective experimental conditions, (ii) higher synthetic through-
put and yields, and (iii) improved chemical stability through,
often in situ, surface termination (with hydrogen),?3 compared
to bottom-up approaches such as epitaxial growth. Further-
more, this surface termination results in an opening of the
bandgap, 22427 with the Group IV NSs theoretically predicted to
be (quasi-) direct bandgap semiconductors with excitonic optical
absorption, sizeable bandgaps (silicane — 3.60 €V, germanane —
2.21 €V, and stanane — 1.35 €V), and strongly bound excitions,
with binding energies of 0.40-1.07 eV, 0.33-0.92 eV, and 0.20
eV, respectively.2899 Additionally, the band baps of silicane and
germanane have been computationally shown to be marginally
affected by external electric fields with a non-zero gap still ex-
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isting at high field strength. Furthermore, promising trans-
port properties, such as high carrier mobilities, 103104 haye
been demonstrated for silicane and germanane. These prop-
erties and potential electronic structure tunability make Group
IV nanosheets enticing prospects for low energy, next-generation
photonics, optoelectronics, or optical computing devices with po-
tential for integration into current silicon-based manufacturing
infrastructure.10% Indeed, Group IV NSs have recently shown
promise in photosensitive devices196"110 The following sections
highlight our contributions to structure-property relations in 2D
Group IV nanosheets, with an emphasis on 2D Si and the overall
focus on nanosheets derived from the topotactic deintercalation
of Zintl phase compounds.
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Fig. 6 Silicon nanosheets (SiNSs) deintercalated from elemental melt
(EM) and hydride synthesis (HS) of CaSi,. (a) Schematic illustration of
EM and HS approaches for the formation of Zintl phase CaSi, precursor.
(b) Powder X-ray diffraction patterns of EM and HS CaSi,. The 6R phase
CaSi, reference pattern is shown in blue. (c) Al-spXRD of EM- and HS-
SiNSs. SEM images of SiNSs derived from (d) EM and (e) HS approaches.
(Modified with permission from ref. Copyright 2023 American Chem-
ical Society)
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3.1 Silicon Nanosheets
3.1.1 Synthesis.

While various solution-processed synthetic protocols for free-
standing two-dimensional silicon nanosheets (SiNSs) have been
reported, 111114 SiNSs are most frequently prepared through re-
action of the layered Zintl phase precursor, calcium disilicide
(CaSi,), with (cold; <O °C) aqueous (ag.) hydrochloric acid
(HCI). However, widely variable synthetic conditions,
such as the source of CaSi, (commercial versus laboratory scale),
the concentration of hydrochloric acid (ranging from 1 to 12 M),
and the deintercalation conditions, which encompass tempera-
ture (-35°C to ambient, or higher) and time (ranging from hours
to weeks), have been reported leading to ambiguity regarding
synthesis-structure relationships. We have published numerous
works employing the following synthetic protocol, CaSi, decalci-
ated by 12.1 M HCI at -35 °C for 10 to 14 days, that have led to
increased understanding of the synthesis-structure relationships
for SiNSs, as highlighted below,221I26197I1181119

3.1.2 Structure.

Numerous structures have been proposed for Si NSs derived from
CaSi, since their first preparation over 150 years ago.
In historic structural models, the two-dimensional Si network
present in the CaSi, precursor was assumed to be disrupted
and reconstructed during the deintercalation step to yield layers
consisting of mixed Si-Si and Si-O bonds, however, latter
works suggested that the preparation of SiNSs is a topotactic dein-
tercalation.T211123 We confirmed this supposition, demonstrating
that, under experimental conditions commonly employed (-30 °C
or lower, concentrated HCl, 10-14 days), the resulting material
consists of stacks of individual Si monolayers in which the Si
atoms are arranged in a buckled, six-membered honeycomb lat-
tice, identical to the silicon layers in the CaSi, precursor. Rep-
resentative diffraction patterns and SEM are provided in Fig. 6(b-
e). Further, our synchrotron-based total X-ray scattering results
revealed that the stacking sequence of the monolayers closely
resembles that of the initial stacking configuration observed in
CaSi,, albeit with a notable degree of anisotropic disorder; that
is, disorder exists within the intersheet spacing but there is lit-
tle turbostratic twisting or translational disorder among adjacent
SiNSs.26

Precise control over the CaSi, polymorphism is expected to im-
pact their properties. Yao et al. very recently predicted that
the stacking order of the CaSi, precursor should strongly influ-
ence the electronic properties of Si NSs. Si NSs derived from
1H and 6R polymorphs are expected to exhibit interlayer charge
transfer while those derived from the 3R polymorph is not ex-
pected to exhibit interlayer charge transfer.129 Further, it is im-
portant to have phase-pure Zintl phase precursors in order to
properly draw conclusions regarding structure-property relation-
ships.IEI Although most commercial sources of CaSi, contain CaSi,
Si, or FeSi, impurities, washing the precursor with a strong base
is reported to remove bulk Si impurities; > however, FeSi, has
proved difficult to remove.’3% Given these impurity issues, we in-
vestigated two different synthetic approaches for the preparation
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Fig. 7 Impact of annealing SiNSs on structural, chemical, and optical
properties. (a) PDF of SiNSs annealed at various temperatures. Inset
shows agreement of simulated and experimental results for SiNSs an-
nealed at 425°C. (b) AI-spXRD mapped over temperature showing amor-
phization starting around 300°C. (c) FTIR of annealed SINSs indicating
loss of surface groups as annealing temperature increases. (d) Time-
resolved and steady-state (inset) PL of annealed SiNSs. (e) EPR response
of annealed SiNSs indicating generation of dangling bonds at higher an-
nealing temperatures. Inset shows relative integrated EPR absorbance.
(Reproduced with permission from ref. [96] Copyright 2021 American
Chemical Society)

of high-purity 6R-CaSi,, specifically, (i) the conventional elemen-
tal melt (EM) method and (ii) a less explored hydride synthesis
(HS; Fig. 6).21 The primary advantage of the latter is the reac-
tion occurs at temperatures below the peritectic decomposition
of CaSi,. Although we produced high-purity CaSi, through both
approaches, as confirmed by pXRD (Fig. 6(b)), the EM approach
resulted in preferential, isotropic growth of CaSi, along the c-axis
while the HS method yielded more uniform CaSi, crystals with
shorter lateral dimensions (see (00 12) reflection in Fig. 6(b)).
We found that these features translated to the SiNSs upon dein-
tercalation, with those resulting from the EM method having sig-
nificantly larger lateral dimensions than the SiNSs resulting from
the HS method (Fig. 6(d) and 6(e)). Our conclusion was further
supported by azimuthally integrated synchrotron powder X-ray
diffraction (AI-spXRD) measurements taken at Argonne National
Lab (Fig. 6(c)), which displayed a more intense (006) reflection
for the EM-SiNSs compared to the HS-SiNSs.

More recently, we demonstrated that the siloxane (Si-O-Si)
content previously observed in SiNSs primarily originates from
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oxidation of silicon monolayers by dissolved oxygen in the dein-
tercalant solution (i.e., HCI), although, exposure to oxygen at any
point after deintercalation will also contribute to (further) oxi-
dation of the backbone, through oxygen insertion between Si-Si
bonds.11¥ 1jterature has demonstrated that these siloxanes (and
other silicon oxides) can be removed through HF treatment,11©
however, this may be problematic depending on the desired ap-
plication, as the etching of the inserted oxygen from the Si frame-
work will effectively cleave the SiNSs, reducing their lateral di-
mensions. Furthermore, our results suggest that oxidation of the
Si framework leads to further buckling of the monolayers which
pushes the layers apart, evident by an increase in interlayer spac-
ing with increasing oxygen exposure.112

Lastly, we investigated the structural impact on the SiNSs upon
annealing for 10 min at temperatures between 100 and 400°C
(Fig. 7(a) and 8(b).2¢ Both our pair distribution function (PDF)
and spXRD results indicated minimal degradation of the silicon
monolayers up to 300 °C, after which, the monolayers showed in-
creasing amorphization with higher annealing temperature; that
is, the SiNSs began to crosslink via amorphous Si-Si bond for-
mation resulting in a coalesced amorphous silicon structure, evi-
denced by the smoothing of PDF peaks and broadening of peaks
in spXRD due to increased disorder as annealing temperature in-
creased.

3.1.3 Surface Chemistry.

Conflicting conclusions exist in the literature about the exact sur-
face chemistry for the as-prepared SiNSs generated via HCl dein-
tercaltion, with varying ratios of hydrogen to hydroxyl termina-
tion suggested.29712011231131] previously, we demonstrated that
the surface composition of SiNSs, prepared from CaSi, deinterca-
lated with concentrated HCI at -35 °C for 10-14 days, are mostly
hydrogen terminated with possibly minor chlorine and hydroxyl
termination.?2 More recently, we revealed, via solid-state NMR,
that the surface composition of SiNSs prepared under these con-
ditions consists of roughly 70% hydrogen, 20% chlorine, and
10% hydroxyl termination (SiHg7Clg2(OH)g1).2Z Further, we
demonstrated that these surface terminations are lost when the
material is annealed (Fig. 7(c)) or oxidized (by 0,).2011% In
the case of the former, we demonstrated that HCI gas is liberated
as a byproduct,? while for the latter, the exact oxidative mecha-
nisms and byproducts are still under investigation; however, our
results suggest that oxygen is not inserted between Si-H bonds
(forming Si-OH groups) but inserts into the silicon framework
(via initial attack at SiH5/SiH, sites) forming siloxanes. 119/ Liter-
ature also suggests that the quantity of hydroxyl groups on the
SiNS surface can be increased via longer deintercalation time, 132
post-deintercalation water exposure, 133 or CaSi, deintercalation
with FeCl, (along with trace watert, followed by an HCl wash), 142
however, increasing siloxane content, evidenced by more intense
Si-O-Si vibrations in FTIR, is frequently observed, suggesting that
oxygen insertion into the Si framework is simultaneously occur-
ring. These oxides are reportedly removed through HF treatment,
leading to increased hydrogen termination, however, fluoride ter-
mination also arises.21 Further, the formation of alkoxy termi-
nation through reactions between alcohols and Si-H, (or Si-Cl
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groups) has been reported. 1231134

As SiNSs are primarily hydrogen terminated when prepared
with cold (mineral) acids, 221260719l the surface chemistry can
be further altered through surface modifying, nucleophilic sub-
stitution or addition reactions widely reported for silicon sur-
faces, 221135 sych as hydrosilylation120137 amination,19% or Grig-
nard strategies,13® affording termination with various organic
moieties tethered to the SiNSs via Si-C-R, Si-N-R, or Si-O-R link-
ages. Furthermore, simultaneous decalciation and organic termi-
nation has been reported. 1321140

3.1.4 Structure-Property Relationships.

Numerous computational studies have emerged in an effort to
understand the impact that structure and surface chemistry of
SiNSs have on the materials’ electronic properties. For instance,
structural changes (e.g., conformation, oxidation) to the Si frame-
work are predicted to induce indirect-to-direct bandgap transi-
tions. 1417143 Indeed, our computational results indicated that ox-
idation of the silicon framework led to structural changes, as
well as an indirect-to-direct bandgap transition, depending on
the degree of oxidation.29 In regards to surface chemistry, non-
terminated SiNSs (i.e., silicene) are predicted to be either metal-
lic (zero gap) or nearly metallic (small gap).144143 Qur results
demonstrated that upon fully terminating the surface with hy-
drogen (i.e., silicane), the bandgap opens to >2.0 eV but the
material is still predicted to possess an indirect bandgap with
very similar I' (2.26 eV to 2.10 eV) and M (2.16 €V to 2.05 €V)
point energies), 212097 consistent with computational conclusions
made by others. 144145 Fyrther, modifying the SiNS surface to
terminations other than hydrogen is predicted to have a vari-
able impact. For instance, our computational results on fully
chlorine-terminated SiNSs (CI-SiNSs) predict that the SiNSs are
still an indirect bandgap material with Eg of 1.17 eV,?Z contrary
to multiple works predicting CI-SiNSs to be a direct bandgap ma-
terial with Eg of 1.70 to 2.13 eV;1401147 however, our work pre-
dicted direct bandgaps for SiNSs with 20 or 50% chlorine termi-
nation, as well as the experimental observed surface termination
of SiHg.7Clg o (OH) .1 .22 Similarly, full termination with thiol, hy-
droxyl, alkoxy, amino, cyano, or lithium groups are predicted to
yield direct bandgap materials. 146

Experimentally, the bandgap energy (Eg) of (mostly) hydrogen-
terminated SiNSs has been reported to range from 2.79 to 2.20
eV with peak PL observed between approximately 440 to 560
nm, 1481151 and @p; values of 9 to 10%;1421152 our results are con-
sistent with the above ranges, with an Eg mainly centered around
2.48 €V (500 nm)—although we have observed a range of 2.53
to 2.33 eV (490 to 530 nm)—and ®p, values of approximately
9% (Fig. 8(a); lower panel). 221119 Oyr steady-state PL results,
in combination with time-resolved PL suggest direct-like bandgap
behaviour, consistent with our DFT predictions for H-SiNSs, 226197
with our SiNSs exhibiting short carrier lifetimes (Fig. 8(b)).2L
Additionally, our PL results (Fig. 8(a); lower panel) display nar-
rower full-width at half-maxima than other nano-Si forms like
nanocrystals or porous Si.22126197 Oy results also demonstrated
that the macroscopic properties of phase-pure CaSi, and resul-
tant SiNSs have minimal to no impact on the observed optical
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Fig. 8 Measurements of optical properties of EM and HS SiNSs. (a)
Kubelka-Munk transformation of diffuse reflectance (top), used as a rep-
resentative absorbance spectra of the SiNSs. Steady-state PL emission
spectra of SiNSs excited at 370 nm (bottom). (b) Time-resolved PL of
SiNSs excited at a wavelength of 359 nm and measured at 510 nm. (Mod-
ified with permissions from Ref. [91] Copyright 2023 American Chemical
Society)

properties (Fig. 8).21

As our freshly prepared SiNSs typically present with some de-
gree of oxidation, 2% in the form of siloxanes, 112 and our pre-
vious band structure simulations predicted that oxidized SiNSs
are direct bandgap semiconductors,?® one potential origin of
the previously observed PL is oxidation of the Si framework.
Indeed, our recent study demonstrated that employing rigor-
ously degassed HCI as the deintercalant yields essentially non-
oxidized SiNSs (Fig. 9) with the lowest siloxane (Si-O-Si) con-
tent observed to date (without a post-deinterincalation HF treat-
ment). 12 Our SiNSs prepared through this approach were ef-
fectively non-emissive with peak PL centered near 610 nm and
and ®p, values an order of magnitude lower than previously re-
ported values employing air-saturated HCl (<0.6% vs. 9%). Ad-
ditionally, we attributed the weak shoulder observed near 2.43
eV (510 nm) to slight oxidation (indicated by FTIR). Indeed,
when we intentionally exposed the SiNSs to incrementally larger
quantities of dried air (i.e., molecular oxygen) we observed in-
creasing oxidation of the SiNSs (confirmed by FTIR; Fig. 9(b))
that was accompanied by a marked increase in the 510 nm fea-
ture and ®p;, to over 8%, consistent with our DFT predictions
on oxidized SiNSs,20 after which the PL blueshifted slightly to
500 nm and the ®p; decreased below 5% (Fig. 9(c)), which
we attributed to increasing SiO, character. We hypothesize that
changes in observed PL originate from conformational alterations
to the Si framework, due to oxygen insertion that further buck-
led the Si framework; 20119 such conformational changes (arm-
chair vs. boat-like configuration) are predicted to shift the band
structure from quasi-direct to direct.141H143 These predicted and
observed electronic restructurings may arise from the laterally
strained Si framework, 1> as Kim et al. predicted that increasing
biaxial strain induces an indirect-to-direct bandgap transition.1>%
We note that HF treating the SiNSs to remove these oxides has
been reported to blueshift and decrease the PL, relative to the
as-prepared sample. 12>

Contrary to our results on intentional SiNS oxidation,112 our
previous study, in which SiNSs were annealed at temperatures up

19
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Fig. 9 (a) Schematic highlighting impacts of deintercalation of CaSi2
with degassed HCl at -35 °C and subsequent oxidation of the silicon frame-
work with dried air. (b) FTIR of SiNSs exposed to 0.0, 1.1, and 8.4 pph
02 (relative to Si). (c) Steady-state PL spectra and associated absolute
Pp, values for SiNSs exposed to 0.0, 1.1, and 8.4 pph O2 (relative to Si).
(Modified with permissions from ref. [I19] Copyright 2025 Royal Society
of Chemistry)

to 450 °C, suggests that increasing SiNS oxidation (Fig. 7(c)) de-
creases PL (Fig. 7(d)).2° Specifically, for annealing temperatures
up to 200 °C, we observed that the relative PL intensity only de-
creased marginally, while increasing the annealing temperature
to 300 °C reduced the PL intensity by over half the original value
and higher annealing temperatures (375 °C) leading to an effec-
tively non-photoluminscent material (Fig. 7(d)). A key difference
between our two works is that annealing of the SiNSs led to ho-
molytic cleavage of surface groups producing Si dangling bonds
(evidenced by EPR; see Fig. 7(e)) and a coalesced amorphous sil-
icon structure that decreased the PL; the former is consistent with
our own DFT predictions that Si radicals (silyl groups) introduce
midgap states. 20

In addition to structural changes to the Si framework impacting
the electronic properties, our results demonstrate that modulat-
ing the SiNS surface chemistry leads to noteworthy changes to the
band structure and bandgap.22697 As previously mentioned, we
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predicted that SiNSs with a composition of (SiHg 7Clg2(OH)g1)
are a direct bandgap material with an Eg of 1.68 eV, compared
to the quasi-direct H-SiNSs with direct and indirect Eg’s of 2.1
and 2.05 eV, respectively.2Z More recently, we demonstrated that
SiNSs with a nominally equivalent surface composition possess
an experimentally observed bandgap of approximately 2.03 eV
with a ®p; <0.6% while oxidized SiNSs displayed a bandgap
of approximately 2.43 eV with a ®p;, >8%.112 Additionally, our
works also demonstrated that both oxidation and annealing of
the SiNSs led to the loss of these surface groups via currently
unknown oxidative mechanisms and homolytic bond cleavage,
respectively; 20119 however, other than silyl formation upon an-
nealing, we have yet to establish correlations between the lost
surface termination and optical properties. Additionally, while
we have computationally predicted the effects of chlorine (and
loosely hydroxyl) termination on electronic properties,?” we (and
others) have yet to experimentally explore the impacts that in-
creased chlorine or hydroxyl content have; however, literature
suggests that the hydroxyl content of the SiNS surface can be in-
creased via water exposure.133 Lastly, we note that conflicting
conclusions exist in the literature on other surface terminations
(e.g., alkyl) with some reporting that formation of Si-C bonds has
minimal impact on the observed PL,12¢ while others report both
blue- and redshifts in the observed optical properties for the for-
mation of Si-C/Si-N or Si-C bonds, respectively; 1061381139157l oyp
results on SiNS oxidation1? suggest that the observed blueshifts
in these works may arise from oxidation of the silicon framework,
as FTIR in these works indicated that oxidation of the Si frame-
work occurred upon the ligand exchange from hydrogen to alkyl
groups.

Lastly, similar to SiNCs, alloying the SiNSs with Ge is a promis-
ing approach for modulating the material’s electronic properties.
While our group has yet to contribute to this area, we want to
highlight key works and conclusions for these Si;_.Ge, alloyed
NSs. Layered Zintl phase CaSiy_oGegy (x = 0.1-0.9) have been
successfully prepared and decalciated to yield Si;_,Gey alloyed
NSs using similar approaches to SiNSs. 1411058 pecalciation of
the CaSiy_s,Gegy Zintl phase precursors with cold HCl is reported
to yield fully hydrogen-terminated Ge sites while Si atoms are
fully hydroxyl terminated, except for Si;_,Ge, with x > 0.5,
where the silicon sites have mixed hydrogen and hydroxyl termi-
nation.2# Similar to SiNSs, the predicted energetically stable con-
figuration for the deintercalated, alloyed monolayers is a buckled,
armchair conformation, 1> with experimental evidence suggesting
this conformation is maintained for the Si;_,Gey alloys upon dein-
tercalation.M#110 Termination of the Si;_,Gey alloyed NSs’ sur-
face (e.g., hydrogen, hydroxyl) is predicted to open the bandgap,
resulting in direct bandgap materials with E¢ spanning the visible
(2.45 eV) to near-infrared (1.53 eV), with increasing Ge content
redshifting the predicted bandgap.1412 Consistent with predic-
tions, increasing Ge content in the Si;_,Ge, alloyed NSs is re-
ported to lead to tuneable bandgaps from the visible (2.57 €V)
to the near infrared (1.53 eV); 4110 however, to the best of our
knowledge, room-temperature PL has yet to be observed. Further,
these materials typically present with some degree of framework
oxidation, 14119 typically in the form of Si-O-Si (not Ge-O-Ge),
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which may play a role in the observed electronic properties simi-
lar to our results for SiNSs. 112

3.2 Germanium Nanosheets
3.2.1 Synthesis.

Similar to SiNSs, germanium nanosheets (GeNSs) are typically
prepared from CaGey, with numerous deintercalating agents
reported.1011159-163 Tywo of the most commonly employed ap-
proaches involve HCl at low temperature or aklyl halides at
room temperature as the deintercalating agent,101/160-162[164 e
prepared phase-pure CaGe, using an elemental melt approach,
loosely equivalent to our EM-CaSi, preparation,?199 and de-
calciated the CaGe, precursor using methyliodide, 1621166
a slightly modified synthetic procedure based on previous re-
ports, 164

and

3.2.2 Structure.

The topotactic deintercalation of CaGe,, typically with (min-
eral) acids, yields stacked Ge monolayers consisting of hexago-
nal, puckered sp® layers of germanium atoms,122
the SiNS structure, with the stacking sequence of the Zintl phase
precursor imparted to the GeNSs.167168 Given this, similar to
SiNSs, understanding CaGe, polymorphism is crucial, 12711691170
since the stacking sequence can influence the electronic prop-
erties. 169 Contrary to the disorder that we observed in layered
SiNSs, 28 McComb and coworkers identified turbostratic disorder
in GeNSs, mainly in the form of rotational disorder, as the pri-

analogous to

mary origin of the previously observed inherent c-axis disorder
in GeNSs. 181 Further, contrary to the robust thermal stability that
we observed for SiNSs, 20 amorphization of the Ge framework was
demonstrated to occur at substantially lower temperatures with
coalescence starting around 75 °C and complete amorphization
by 175 °C, 152171 regardless of minor surface termination other
than hydrogen (-Cl, -Br, -I; vida infra),12? except for alkyl termi-
nation which improves the thermal stability of the Ge framework,
increasing the amorphization onset to 250 °C.172

3.2.3 Surface Chemistry.

Akin to SiNSs, deintercalation of CaGe, with acids results in
hydrogen-terminated Ge monolayers, 10II51I160-163073] Contrary
to SiNSs though, these approaches result in GeNSs with ef-
fectively 100% hydrogen terminaton (germanane or H-GeNSs),
since any formed oxides are etched by the various acids. While
the reported thermal stability of the Ge framework is poor (vide
supra), the dehydrogenation of these surface hydrogen groups
was reported to occur at higher temperatures (200 to 250 °C).174
Additionally, H-GeNSs have been reported to be remarkable
stable against oxidation,17% contrary to our results on mostly
hydrogen-terminated SiNSs.112 Similar to our results for SiNSs
though,?Z terminal chlorine groups have also been reported for
GeNSs, albeit at a markedly smaller ratio ( 1:50 for GeNSs vs.
1:6 for SiNSs).2Z174 Similarly, literature suggests that minor
halide termination can result when deintercalating with other
halide-containing chemicals (e.g., HBr, HI, IC1).152175] Fyrther-
more, radical- or thermal-induced hydrogermylation or Grignard
strategies can be employed to modify the surface of hydrogen-
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Fig. 10 PL spectra of methyl-terminated germanane flakes (a) at 250K
ensemble, (b) at 4K ensemble, and (c) at 250 K single flake. (d) Time-
resolved PL of CH3-GeNSs film at various temperatures. (e) Time-resolved
PL for a single flake of Germanane at 4K. (Modified with permission from
ref. [165] Copyright 2019 Applied Physics Letters)

terminated GeNSs to alkyl (e.g., dodecane) termination.25/1751176

In addition to these conventional approaches, other surface termi-
nation strategies have more recently been explored to yield Ge-C
or Ge-S linkages 16311771178

We prepared methyl-terminated GeNSs using a one-step
metathesis approach in which CaGe, was simultaneously dein-
tercalated and alkylated by methyliodide;102/166 this approach
was developed by the Goldberger group, 17217280 with multi-
ple alkylhalides reported since. 164169181182 1y this approach,
smaller terminal groups generally lead to near 100% surface cov-
erage while larger, sterically bulky groups result in mixed termi-
nation, typically consisting of the alkyl group and hydrogen.183
Given this, we chose to deintercalate CaGe, with the shortest re-
ported alkylhalide, methyliodide.105166/ To avoid oxidation of the
GeNSs, which necessitates an HCl wash to remove the oxides with
a byproduct being chlorine termination that lead to further oxi-
dation, 172, we conducted the deintercalation of CaGe, using a 1
: 30 : 10 : 60 molar ratio of CaGey : methyliodide :
acetonitrile, 1621108 since Goldberger and coworkers reported that
distilled acetonitrile with at least six equivalents of water is neces-
sary for increased methyl coverage and improved air stability, 189
We observed improved thermal stability of the methyl-terminated
(CHs-) GeNSs over H-GeNSs,16% consistent with reports that the
surface demethylates between 250 to 300 °C,172 compared to
200-250 °C for H-GeNSs. 174

water :

3.2.4 Structure-Property Relationships.

Similar to SiNSs, when GeNSs lack any surface termination (i.e.,
germanene), the material is predicted to be metallic.2? Fully ter-
minating the surface with hydrogen (i.e., germanane) is predicted
to result in a direct bandgap material with electronically decou-
pled layersi’# and E; ranging from 0.99 to 2.29 eVi84l87 Ad-
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ditionally, the conformation'l887120 and dimensionality!2l of H-
GeNSs, as well as terminations other than hydrogen, are also pre-
dicted to modulate the materials’ electronic properties. 184185

We observed that replacing hydrogen termination on GeNSs
with alkyl (i.e., methyl) groups, via deintercalation with methylio-
dide instead of HCI, increased the bandgap of the CH3-GeNSs
to 1.80 eV to 1.95 €V, 16511606l compared to the reported value
of approximately 1.6 €V, a shift that is consistent with others’
conclusions; 16218182092/ b swever, others have reported that H-
GeNSs exhibit intense PL centered at approximately 1.35 eV (or
918 nm). 1511187 Additionally, we concluded that the PL of CHgz-
GeNSs consists of two contributions—one from the band edge
and the other from trap states—with our time-resolved mea-
surements suggesting that the rate of trap-assisted recombina-
tion is slower than band-to-band recombination (Fig. 10).165
Conversely, Goldberger and coworkers demonstrated that the in-
tense PL observed at 1.87 eV for CH3-GeNSs arises from local
distortions of the Ge framework due to intercalated water,123
with the water-induced PL comprised of two distinct exciton pop-
ulations localized at recombination centers within the interca-
lated water;124 thus, our previously observed PL results may
originate from intercalated water. We note, that the band-edge
fluorescence is reported to be essentially independent of layer
thickness with ®p;, = 0.2%.172/ In addition to methyl termina-
tion, others have reported various effects on the observed PL
for different alkyl termination, both from alkylhalide deintercala-
tion and post-deintercalation modification, 16316911751920195] yjth
ligand-bandgap trends remaining elusive. Although, Jiang et al.
demonstrated that installing larger, more electronegative ligands
on GeNSs (e.g., -CH3 vs -CH,OCH3) reduced Eg from 1.66 €V to
1.45 eV due to the electron-withdrawing and steric bulk of the ter-
minal groups expanding the Ge framework.172 Further, we also
demonstrated that our CHs3-GeNSs display ohmic behavior that
is stable at higher temperatures (280 vs 190 °C) compared to H-
SiNSs (Fig. 11).

Lastly, akin to GeNCs, alloying the GeNSs with Sn is a promising
approach to further modulate the material’s electronic properties.
Again, while our group has yet to contribute to this area, we want
to highlight key works and conclusions for these Ge;_,Sn, alloyed
NSs. Layered Zintl phase CaGey_o,Sny, (x = 0 to 0.25) have been
successfully prepared1261197 and decalciated to yield Ge;_,Sny al-
loyed NSs using cold HCI, leading to fully hydrogen-terminated
germanium sites and fully hydroxyl-terminated Sn sites.'?Z Simi-
lar to the other Group IV NSs, the energetically stable, predicted
configuration for the deintercalated, Ge;_,Sn, alloyed NSs is a
buckled, armchair conformation,1Z with experimental evidence
suggesting this conformation is indeed maintained for Ge;_,Sny
(max. of 9% Sn) alloys upon deintercalation. % The experimen-
tally observed surface terminations (e.g., hydrogen, hydroxyl) of
the Ge1_Sny alloys are predicted to result in direct bandgap ma-
terials with Eg spanning the near-infrared (1.72 eV) to the in-
frared (0.68 €V), with increasing Sn content redshifting the pre-
dicted bandgap.lZ Consistent with predictions, increasing Sn con-
tent (up to 9% Sn) is reported to lead to tuneable bandgaps
across the near-infrared (1.59 eV to 1.38 €V).227 Similar to the
Si1_xGey alloyed NSs, room-temperature PL has yet to be reported
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Fig. 11 (a) SEM image of a methyl-terminated germanane microcrystal-
lite contacted with STM tips from different facets and (b) corresponding
four-point resistances as a function of the position of the source tip and
the grounded tip. (c) Comparison of the product of the four-point re-
sistances to the crystallite thickness for GeCH3 (C) microcrystallites and
H-passivated (H) flakes, measured as a function of the annealing temper-
ature. The spacing between the electrodes or the tips varies in a range
extending from 0.5 to 3.0 pm. (Modified with permission from ref. [165
Copyright 2019 Applied Physics Letters)

for Ge,_,Sny alloyed NSs and the alloy framework is also easily
oxidized (in the form of Sn-O-Sn, not Ge-O-Ge); however expos-
ing intentionally oxidized Ge;_,Sn, NSs to aq. HCI etched the
oxides and restored the originally observed bandgap.12Z

4  Conclusions and Outlooks

Group IV semiconductor nanomaterials are promising candidates
for low-cost, fully integrated photonic and optoelectronic de-
vices. While substantial progress has been made in understand-
ing structure-property relationships in SiNCs, the knowledge base
for other nanoscale Group IV semiconductors remains limited,
largely due to the field’s relative infancy compared to SiNC re-
search. One of the most significant challenges hindering commer-
cial application is a comprehensive understanding of the origins
of PL in these materials—whether it arises from quantum confine-
ment, surface chemistry, crystallinity/defects, or a combination.
Without this understanding, controlling and optimizing the light
emission remains difficult.

Elucidating the origin of light emission requires comprehen-
sive understanding of the impact that surface chemistry has on
these materials. Since the resulting surface chemistry is often
highly dependent on the synthetic conditions employed, further
study and refinement of various synthetic strategies are neces-
sary to standardize the material’s preparation prior to and to-
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wards photonic and optoelectronic application. Towards this,
focus should be placed on correlating the relationships between
synthesis/processing and surface chemistry to arrive at strategies
that lead to improved control. Further, while myriad works have
studied the surface chemistry of these materials, there is a sub-
stantial gap in understanding regarding how surface chemistry re-
lates to optical properties. Thus, future work should focus on the
synthesis-structure-property relationships to arrive at improved
understanding of these materials.

It is also critically important to address the stability of these ma-
terials, including (photo)chemical, electronic, thermal, and env-
iornmental. The nanoscale Group IV semiconductors often un-
dergo structural and chemical changes (and even degradation) in
the presence of oxygen and water, and these changes often impact
their optical properties. Recently, we demonstrated that the PL
previously attributed to SiNSs originates, in part, from oxidation
of the silicon framework.1? Rational surface termination strate-
gies offer a potential solution to enhance stability, yet an in-depth
understanding of how surface chemistry affects key properties,
such as light emission, is still lacking. We strongly encourage the
use of meticulous air-free protocols and degassed solvents, 12 es-
pecially when surface chemistry is modulated, as oxygen will ox-
idize the Group IV framework, 12 making deconvolution of elec-
tronic contributions challenging. Although our recent results for
SiNSs suggest that controlled oxidation could employed as a vi-
able route for band structure engineering. 119 Further, while alter-
ing the surface chemistry may impart a degree of chemical stabil-
ity, against oxidation for instance, it may not translate to thermal
stability, as organic moieties on SiNSs were reported to detach
at lower temperaturesi?8 relative the stability that we reported
for terminations (e.g., -H, -Cl, -OH) on as-prepared SiNSs (165
°C vs. >200 °C).2% As robust thermal stability may be necessary
for device application, thorough understanding of stability after
functionalization need established.

In summary, for the field to advance meaningfully, we believe
that future research should prioritize rigorous investigation into
structure-property relationships in Group IV semiconductor nano-
materials. Emphasis should be placed on unraveling the mecha-
nisms that underlie light emission, as well as improving stabil-
ity. In the case of nanoscale silicon- and germanium semiconduc-
tors that are known to exhibit room-temperature light emission,
the focus should shift toward refining our understanding of their
structure-property dynamics and enhancing their optoelectronic
performance. For alloyed Group IV semiconductor nanomaterials
(i.e., those containing a mixture of Si, Ge, and/or Sn), emphasis
should be placed on improving stability and obtaining strong light
emission that is consistent with quantum confinement. To deepen
understanding, computational studies should accompany experi-
mental work; computational models and simulations can provide
valuable insight into the underlying mechanisms and offer guid-
ance for designing materials with improved properties. With con-
tinued computational and experimental refinement of structure
and surface chemistry to yield deeper insight into light-emission
mechanisms, Group IV semiconductor nanomaterials may chal-
lenge I1I-V semiconductors for many optoelectronic applications.
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