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Phase change materials (PCMs) are marginal glass formers that have applications in memristors and neuromorphic memory, because they may be rapidly switched between amorphous and crystalline phases, which have differentiating optoelectronic properties. Previous applications include rewritable DVDs, as the ‘recordable’ layer that could be written or erased by laser for memory storage. The leading PCM for that technology was Ge2Sb2Te5 (GST225), due to the rapid crystallization, appropriate crystallization temperature (~148°C) for laser writing, and the high difference in optical properties between the amorphous and crystalline phase, allowing it to be ‘read’ after writing [1]. Similarly, for phase change memristor technology, the high difference in resistivity between the two phases and the rapid crystallization is needed, but at higher temperatures. One of the PCMs in this study, Ge7Sb93, is of interest due to its relevant crystallization temperature (~275°C) in memristor applications [2]. 
 	Due to the rapid crystallization and small grain size of PCMs, it had not been possible to image and directly measure the crystal growth much above the glass transition temperature, Tg. Ultrafast differential scanning calorimetry (DSC) and reflectivity, of PCMs GeTe and AgInSbTe, have been used to extract growth rates from the crystallized fraction, but this requires assumptions about the relative contribution of nucleation and growth [3, 4]. Questions have arisen about current crystallization models used in analyzing the thermodynamics and kinetics of PCMs [5].
[bookmark: _Hlk190174731]	This work utilized nanocalorimeters designed and fabricated at the National Institute of Standards and Technology (NIST) for use in a transmission electron microscope (TEM). Nanocalorimeters are smaller MEMS devices that have 20-30 nm thinned nitride submembrane TEM ‘windows’ for sample viewing and use Joule heating for achieving high heating rates [6, 7]. High heating rates are necessary in reducing crystallization of the PCM specimen before reaching the target temperature. To ensure accurate temperature measurement, each individual nanocalorimeter was calibrated to its temperature-resistance response from 300-600°C. The PCM samples were deposited on the back of each device through sputtering deposition at approximately 40 nm thickness. Simultaneous nanocalorimetry and TEM imaging were performed on GeTe, Ag3In4Sb76Te17, and Ge7Sb93 samples, at heating rates up to 9,000 K/s and capture rates up to 30,000 frame/s using the high-speed electron detectors at the National Center for Electron Microscopy (NCEM). The growth rates were directly measured from imaging (Fig. 1), and the enthalpy of crystallization was quantified for a range of temperatures above Tg from the nanocalorimetry data (Fig. 2). These measurements contribute to the clarification of crystallization kinetics of PCMs and suggest that assumptions made about nucleation in the analysis of ultrafast DSC experiments have led to the overestimation of fragility [9].
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[bookmark: _Hlk190179895]Fig. 1. In situ TEM images of the crystallization of GeTe at a heating rate of 3000 K/s, taken on the Gatan K2 at 1600 fps in the ThemIS at NCEM. Crystal growth rates may be directly measured from these experiments.
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Fig. 2. Enthalpy of crystallization of GeTe measured with NIST nanocalorimeters designed for use in a JEOL 2000FX TEM column (McGieson) [7], with ones designed for use in Titan TEM columns (Koledin), and with parallel nano-scanning calorimetry (Gao et al.) [8]. For this work, each point represents one experiment, and the error bars are the maximum error from the confidence of the fitted enthalpy data. 
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