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elements such as Hg, Cd and Pb. Importantly, Ge NCs are nontoxic, biocompatible, and elec-
trochemically stable. An essential requirement is the ability to prepare Ge NCs with narrow
size distributions and well characterized surface chemistry, as these define many of their
photophysical properties. However, a thorough discussion on these criteria has not been

Iézz‘;rrﬁm achieved to date. Here, size, surface control, and mechanisms for light emission in Ge

Nanocrystal NCs are discussed and their exciting recent applications are highlighted. The beneficial

Surface chemistry properties of Ge NCs suggest that this material can improve the performance of numerous
Photophysical properties devices like solar cells, photodetectors, and lithium ion batteries.

Toxicity © 2017 Elsevier Ltd. All rights reserved.

Contents

B O o s o T L e T ) o PP 129

2. Synthesis of germanium NANOCTYSTAlS. . . . . ..ottt e e et et e et e e 130

2.1, Physical Methods. . . ..ot e e e e e e e 130

2.2, Solution phase SYNthesis. . ... ... . e e 130

221, Previous MethodS . . . ..o .ttt ettt ettt e e e e e e e e e e e e e 130

2.2.2.  Room temperature reduction of GeCly/Brg PreCUISOIS . . . o v vt vttt ettt et ettt eeeeeaenennn 131

2.2.3. High temperature reduction of Gely/l4 PreCUISOTS . . . . vt vttt ittt et ittt et et et ee e eanannn 132

224, 0ne-pot MEthOAS . . .ottt ettt et e e e e e e e 133

2.3, Hybrid methods. . . .. ..o e e e e, 134

2.3.1. Laser and plasma techniques for germanium nanocrystalS. ...............iinininiretnrnnnennnann. 134

2.3.2. Alloyed, doped and core-shell germanium nanocrystals . .............. ittt ieeieieennnann 136

24, PUfiCation . ... ..o e e e e e e e e 138

3. Surface chemistry and capping liands. . . . ... ... v ittt et e et e e e 139

S © 5 o (oY 50 o) 1<)y o (<P 141

4.1, UV-=ViS @bSOTDancCe . .. .o e e 144

4.2, PROtOIUMINESCEICE . . . . ettt ettt ettt ettt et et e e e e e e e e e e e e et e et et e et ettt ettt 145

LT V53 5] (o (o] 3 - 146

5.1.  Thin films, opals and OptOEleCtIONICS. . . ...ttt et e ettt e e 146

5.2.  Lithium-Ion batteries (LIBS) . . ... v uu ettt ettt ettt e et et et ettt e e ettt ettt et e 148

5.3. Chemical sensing, bioimaging, toxicity and cancer targeting. . ... ...ttt ur et ittt 148

E-mail address: d.carolan@ulster.ac.uk

http://dx.doi.org/10.1016/j.pmatsci.2017.07.005
0079-6425/© 2017 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.pmatsci.2017.07.005&domain=pdf
http://dx.doi.org/10.1016/j.pmatsci.2017.07.005
mailto:d.carolan@ulster.ac.uk
http://dx.doi.org/10.1016/j.pmatsci.2017.07.005
http://www.sciencedirect.com/science/journal/00796425
http://www.elsevier.com/locate/pmatsci

D. Carolan/Progress in Materials Science 90 (2017) 128-158 129

6. Conclusions and fUtUIe WOTK. . . . ... ... et e et e et e et et e e e e 152
ACKNOWIBAGEIMENILS . . . oottt ettt ettt e e e e e e e e e e e e 154
] (S 1<) Lo 154

1. Introduction

Semiconductor nanocrystals (NCs) or quantum dots (QDs) have been the focus of extensive research due to their unique
size-dependent optical and electrical properties [1,2]. A great deal is now known about methods to control their size, shape,
composition and surface chemistry [3-5] allowing for applications in a wide range of areas such as light emitting devices [6],
solar cells [7], phosphors [8], field effect transistors [9], sensing [10] and biological imaging [11,12] (see Fig. 1). While these
II-VI (e.g. CdX, X = Se, S, Te), llI-V (e.g. InP, InAs, GaAs) and IV-VI (e.g. PbX, X = Se, S,) materials offer broad absorption pro-
files, facile spectral tuning, high quantum yields, long fluorescence lifetimes and good photochemical stability [13], legiti-
mate concerns have been raised regarding their toxicity [14]. Derfus et al. confirmed that QDs with a CdSe core and
without a ZnS shell were toxic to liver cells after exposure to UV light [15]. It was shown that QDs build up in vital organs
for at least 90 days once inside the body [16]. Moreover, the European Union’s Restriction of Hazardous Substances Directive
severely limits the use of heavy metal cations such as Cd, Pb and Hg in consumer electronics [17]. Hence, it is important to
develop alternative QDs with good optical and electrical properties but composed of materials with low toxicities. Conse-
quently, research has concentrated on the advancement of heavy metal free alternatives including Group IV materials
and ternary I-I1I-VI alloys [14].

Germanium nanocrystals were discovered 35 years ago, in 1982 by Hayashi et al. [23], and even though they were termed
“microcrystals”, their size regime and size dependent optical properties alluded to the fact that they were indeed nanocrys-
tals. Since then, and particularly in the last 4 years germanium nanocrystals have attracted renewed attention as environ-
mentally friendlier alternatives to classical compound semiconductor nanocrystals as they are nontoxic, biocompatible,
electrochemically stable and compatible with current microelectronics. Ge is especially appealing due to the higher electron

ETL - electron transport layer
HTL - hole transport layer
TCO - transparent conducting oxide
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Fig. 1. Overview of the many uses for classical quantum dots. Reproduced with permission from Refs. [18-22] and Chem Rev 110, 2010, 389, DOI: 10.1021/
cr900137k, Copyright © 2009 American Chemical Society.
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